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ABSTRACT
Costas, Alfonso, MSME, Purdue University, May 2018. Design and 3D Printing of
Integrated Fluid Power Components.
Major Professor: Sadegh Dabiri, Jose M.
Garcia Bravo.
In this work, the 3D printing of ﬂuid power components was explored. There are
many reasons why the use of additive manufacturing (AM) may be beneﬁcial to this
industry. Amongst these reasons, it is worth mentioning the freedom to develop new
designs, as well as the weight and size reduction. In addition, thanks to 3D printing
it is possible to integrate diﬀerent ﬂuid power components, otherwise seen as separate
parts of an assembly, into one single part, avoiding the need for further assembly. In
this work, the following components have been developed: a lobe pump, several soft
actuators, a gate valve assembly, and a servo valve. The main objective of this work
was to investigate the best way to obtain these components using 3D printing. This
translated into determining the most suitable 3D printing technique (among fused
deposition modeling, stereolithorgraphy, and polyjet printing) and material (among
a wide variety of rigid and ﬂexible materials) for each one of the necessary parts.
In order to showcase the capabilities of these components, these parts have been
integrated into a miniature forklift. This forklift showcases hydraulic applications in
the lift and hydrostatic steering systems. In the future, this forklift will be used as an
educational toolkit to showcase the applications of robotics, hydraulics, and additive
manufacturing in order to promote the use of ﬂuid power among students.
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1. INTRODUCTION
1.1

Motivation
Additive manufacturing (AM) has emerged as an alternative to traditional manu-

facturing technologies. In particular, the ﬂuid power ﬁeld has the potential to beneﬁt
greatly from this technology for many reasons. Amongst these, it is worth mentioning
the design ﬂexibility provided by this new manufacturing technology. This increased
design ﬂexibility can be translated into less weight and less volume in 3D printed parts
with respect to their cast and machined counterparts [1]. This is something that, for
example, the aerospace industry can take advantage of due to their low weight requirements. The additive nature of this type of manufacturing also helps reduce the
amount of waste generated in other manufacturing methods. Unlike traditional methods where you start with a solid block of material and remove some of it until you
obtain the desired shape, in this case the parts are created layer-by-layer, using only
the material that you need. By using less mass, it is possible to save material, energy,
time, and cost while maintaining a similar structural strength [2], [3].
Also, it is now possible to create new shapes that were impossible otherwise [3].
This is due to the fact that AM is not constrained by the same requirements as
traditional manufacturing methods. These new shapes are “cost-free”, since the 3D
printers will virtually use the same material and process whether the part is very
complex or not. Thanks to the enhanced design ﬂexibility, it is possible to increase
eﬃciency and minimize losses because the designer can now create a part without
regard to other constraints that would translate into eﬃciency losses (for example,
bends could be designed using any shape instead of the typical, ineﬃcient 90-degree
elbows). The need to change tooling is now avoided as well. In summary, the use of
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AM in the ﬂuid power ﬁeld should help decrease manufacturing costs while maximizing performance [3].
In addition, these new shapes could get rid of some of the individual parts used
today, as it is possible to integrate some of these parts into one single assembly. For
example, it could be possible to integrate a valve and an actuator into a single part
without the need for further assembly or other connectors. This would translate
into less size, weight, and energy cost. Also, it is possible to integrate sensors and
other electronic parts during the print process in order to be able to 3D-print a fully
functional part. In summary, thanks to 3D printing it is possible to blend hydraulics,
pneumatics, and electronics components otherwise seen as separate into one lighter,
less expensive, more compact product [3].
Additionally, the use of 3D printing may have some other positive implications for
the ﬂuid power ﬁeld that may seem less obvious. The type of innovations provided by
AM could help shape how people regard the ﬁeld and the use of this technology could
spark the interest for students looking for an innovative STEM career and give them
a reason to pursue studies in ﬂuid power. The higher eﬃciencies, lower weight and
cost associated with 3D-printed ﬂuid power machinery should attract the industry’s
interest for ﬂuid power and this could help the development of the ﬂuid power ﬁeld
even further.
It is also worth mentioning the positive implications that arise thanks to using
this easy-to-access technology. Students and other individuals across the world with
access to 3D printers (via schools, personal machines, or 3D-printing hubs) now have
the possibility of fabricating functional designs, which should increase their interest
in a STEM career. Thanks to 3D printing, the fabrication process is now virtually
accessible to everyone, instead of only to a few people that could aﬀord to have
expensive manufacturing machines.
Businesses have also taken and will be able to take great advantage of additive
manufacturing. Matias and Rao reviewed the development of 3D printing technology
and the implications for business in [4]. This paper mentions how rapid prototyping
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reduces costs by allowing for a higher degree of iterations during the design process. In
addition, 3D printing allows small business without access to the most sophisticated
type of manufacturing equipment to produce small batches of their products [4]. The
work shown in [5] shows how 3D printing may help simplify the supply chain. By
using 3D printing facilities where any customer could submit their parts for prints,
shipping distances would be shorter, therefore reducing the shipping costs [5].
This study is meant to provide a review of the applications of AM in ﬂuid power,
and evaluate the ways in which these technologies could be merged together by building up from some of the work that has been done before and by evaluating what is
left to be done in the future.

1.2

Literature Review
Since the use of AM has been pursued both from an academic and an industrial

perspective, these two areas are discussed separately in order to see where academia
and industry stand today in this particular ﬁeld.

1.2.1

Additive Manufacturing and Fluid Power in Academia and other
Research Labs

The Oak Ridge National Lab (ORNL) has done outstanding work merging additive manufacturing with ﬂuid power, and they refer to this new area of study as
“Freeform Fluidics”. The AM technologies available to this lab (e-beam, laser and
electronic deposition) has enabled them to produce freeform manufacturing with excellent mechanical properties [6]. In [6], the authors present a novel approach to
integrate the ﬂuid passages within the mechanical structure (similar to the veins and
arteries running inside our bodies) in the interest of making a 3-degree-of-freedom
robotic arm. The ﬂuid is routed through the structure itself, eliminating the need
for hoses. This paper shows how diﬀerent metal 3D printing materials have strong
mechanical properties that will assure the ability of these materials to withstand high
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pressures. In addition, while maintaining structural integrity the authors were able
to reduce a signiﬁcant amount of material by replacing solid sections of material by
a mesh of material [6]. The reduction of this material therefore translates into less
energy demand both during the fabrication process and also during operation. The
ORNL also developed a hydraulic hand with an integrated pump and motor. An
outline of these two products is shown in Figures 1.1 and 1.3.

Fig. 1.1. Hydraulic arm developed by the ORNL.

Fig. 1.2. Hydraulic hand developed by the ORNL.

Another example of related work done by the ORNL was the creation of a 3D
printed arm for an underwater robotics project [1]. They 3D printed an arm made
of shell structures in the interest of saving weight. The total weight for a 60 inch
long arm was 25 lbs. Some other features of this project involved the integration of
hydraulics and electronics, the integration of ﬂuid passages within the structure and
the creation of custom thermal valves for energy eﬃciency [1].
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Fig. 1.3. Underwater robot hydraulic arm developed by the ORNL [1].

MacCurdy et al. also merged AM with ﬂuid power into a concept they call “printable hydraulics” [7]. This paper displays a technique for fabricating robots by 3D
co-printing solids and liquids. By using an Stratasys’ Objet 3D printer, they were
able to make a hydraulically operated robot in one print, integrating a small gear
pump, and a series of bellows actuators to actuate the legs of the robot. This paper
presents the possibilities of mixing diﬀerent materials during the 3D printing process
in order to obtain solid and liquid features (see Fig. 1.4). Again, in this work it is
possible to witness how AM allows for the integration of ﬂuid power parts into one
print job.

■ Flexible
Support

Fig. 1.4. Printable hydraulics concept presented in [7].

Several groups have done work in 3D printing soft actuators. It is noteworthy
that most people have decided not to pursue traditional piston-cylinder assemblies
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due to the fact that the 3D printing tolerances do not allow for a good friction-leakage
compromise in the piston-cylinder interface. Therefore, using a bellows structure it
is possible to enclose the ﬂuid within the bellows volume and avoid the need to
reduce friction and leakage. Peele et al. developed a soft pneumatic actuator using
a bellows structure via a digital projection stereolithography (DMP-SL) process [8].
The authors split the internal chamber of their actuator into four in order to have
a higher degree of ﬂexibility over the direction of actuation. A prototype of this
actuator is shown in Fig. 1.5

Fig. 1.5. Sample actuation movement for the actuator mentioned in [8].

In summary, the idea of 3D-printing ﬂuid power products has caught the attention
of several research groups. It is also important to realize that the industry has started
taking advantage of this concept. Examples of this are discussed in the next section.

1.2.2

Additive Manufacturing and Fluid Power in Industry

Companies have started to notice the potential of using 3D printing in ﬂuid power
applications. It is worth noting the role of the company Aidro Hydraulics in this
area. This company has started using additive manufacturing to produce manifolds,
proving outstanding results. As noted in [2], a hydraulic manifold was fully 3D-printed
using AlSi10Mg, and the advantages of this design as compared to a traditional
manufacturing method are as follows:
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• 75% weight reduction and half size dimensions compared to the traditional
manifold
• The mechanical properties like tensile strength, elongation, impact toughness
and hardness are good, even better than the traditional manifold
• Material employed is highly dense (99,7%)
• The performances are comparable or even exceeded those of conventionally manufactured manifolds, thanks to the internal channels curved shapes and the
elimination of 90 degree intersection angles
Fig. 1.6 showcases an example of this manifold.

Fig. 1.6. 3D printed manifold by Aidro Hydraulics.

In addition, this company has developed 3D printed hydraulic spools as well. This
spool features new oriﬁce shapes (such as oval and square holes) which are impractical
to produce using other manufacturing methods. These new cross sections allow for a
lower pressure drop across the valve. They also took advantage of the design ﬂexibility
of printing to fabricate their spool in one single part, avoiding the need to assemble
multiple parts as it is done with traditional manufacturing methods [2]. An example
of this spool is found in ﬁg. 1.7.
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Fig. 1.7. 3D printed spool by Aidro Hydraulics.

In addition, companies have also taken advantage of the possibility of printing
bellows actuators directly using stereolithography. Festo used bellows actuators to
produce a robotic hand with 4 ﬁngers and 12 degrees of freedom using AM via Selective Laser Sintering [9]. This robotic hand is shown in Fig. 1.8.

Fig. 1.8. Robotic hand developed by Festo in [9].

1.3

Research Objectives
The main scope of this work is to review the possibilities of using polymer-type

additive manufacturing in ﬂuid power systems. In particular, the type of ﬂuid power
components that will be under review will be pumps, valves, and actuators. In order
to meet this goal, a few other objectives must be met:
• To determine the most appropriate type of material and printing technique for
the diﬀerent parts involved in these components
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• To decide which parts can be 3D printed and which other parts, if any, must
be purchased or manufactured by other means
• To evaluate the tolerances obtained with diﬀerent 3D printing techniques and
how these tolerances compare to other manufacturing methods. To investigate
3D printing methodologies that make it possible to obtain the highest degree
of accuracy in each one of the parts
• To evaluate ways in which the design ﬂexibility is advantageous and it is possible to create shapes that would be impossible when using other traditional
manufacturing methods
• To use this design ﬂexibility in order to create integrated ﬂuid power and avoid
the need for assembly of some of these components
• To develop methods for testing these components and to perform tests in order
to provide a full experimental characterization of these parts
• In addition, it is also important to consider the educational aspect of this
project. Once these hydraulic components are implemented, they will be integrated into an entire system in order to aid in the teaching of ﬂuid power and
motivate students to consider a ﬂuid power career. This system should showcase
day-to-day applications of ﬂuid power that students could easily identify. Also,
the system should include features to make the teaching process as insightful
as possible. This involves, for example, making parts transparent in order to
visualize ﬂuid ﬂow and make the system as interactive as possible in order to
engage students during this experience

1.4

Organization
This thesis document will be organized in the following chapters:
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• Chapter Two: Review of AM Technology, Available 3D-Printers, and Materials
• Chapter Three: Hydraulic Diagrams, System Design, and Functionality
• Chapter Four: Lobe Pump: Design, 3D Printing, and Testing
• Chapter Five: Gate Valve System: Design, 3D Printing, and Testing
• Chapter Six: Soft Actuators: Design, 3D Printing, and Testing
• Chapter Seven: Hydrostatic Steering: Design, 3D Printing, and Testing
• Chapter Eight: Lift System: Design, 3D Printing, and Testing
• Summary and Recommendations
• Appendices
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2. REVIEW OF 3D PRINTING TECHNOLOGY,
AVAILABLE 3D PRINTERS AND MATERIALS
Today, Additive Manufacturing is a wide area that encloses many type of 3D printers and materials. Most 3D printing methods can be split into two groups: metal
and polymer printing. Within the metal 3D printing technologies, there are several
printing methodologies, amongst these: Electron Beam Melting, Ultrasonic Additive Manufacturing, Laser Metal Deposition, Laser Power Bed, and Laser Sintering.
Whereas with polymer printing, the main two printing methodologies are Fused Deposition Modeling and Stereolithography [1]. In this work, only polymer printers are
used, as these are the only ones available in the current lab facilities. The goal of
this section is to brieﬂy describe the diﬀerent 3D printing technologies and materials
used in this work and to state what the advantages and disadvantages of each one of
those are.

2.1

3D Printing Techniques
First, the three diﬀerent 3D printing technologies used in this work are described.
• Fused Deposition Modeling (FDM): This method consists of extruding
plastic ﬁlament coil (e.g: PLA or ABS), melting the material at a high temperature and depositing it into a heated bed layer by layer until the desired shape
is formed. The main advantages of this method are its high speed, low price,
and the wide availability of this type of 3D printers [1]. The main disadvantage
are the poor tolerances present in this type of prints. FDM was used for printing functional, mechanical parts without high tolerance requirements. The two
FDM printers available are the LulzBot Taz 5 and Taz Mini, and the MakerBot
Replicator 2 and 2X.
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• Stereo-lithography (STL): STL consists of the process of curing a resin in a
print bed in order to obtain solid parts. STL allows for printing multi-materials
at a very high resolution [1]. Within the STL ﬁeld, two types of printing technologies were employed: Selective Laser Sintering (SLS) and Direct Light Projecting (DLP). In SLS, a laser reﬂects a beam of light in a mirror. This laser
cures the resin as it moves. Due to this movement, SLS is able to print larger
cross sections than DLP. However, its resolution is not as good as DLP and
it typically takes longer to print. DLP, in contrast, uses a projector to ﬂash
every individual layer [10]. The resolution of DLP depends on the projector
resolution, and its maximum value may be up to 1080 pixels. DLP shows a
higher resolution than SLS. However, the print volume is small in order to keep
the projector’s high resolution. Figures 2.1 and 2.2 retrieved from [10] may help
understand the diﬀerences between SLS and DLP.
DLP

SLA

i5
Fig. 2.1. Outline of diﬀerences between SLA and DLP AM process [10].

OLP

Laser SLA

•

■

Fig. 2.2. Laser SLA vs DLP pixelation [10].
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One of the printers employed in this project uses SLS (Formlabs’ Form 2) and
another one uses DLP (Autodesk Ember) These machines were used for high
resolution printing. In particular, the Ember printer represents the highest resolution 3D printer amongst all those listed in this project. The use of the Ember
printer allowed to incorporate high-ﬁdelity printing techniques. The techniques
implemented in this project are included when discussing each one of the parts
where those techniques improved the component’s resolution. However, there
are some other techniques that are still relevant but were not implemented in
any particular part. These techniques are therefore presented in Appendix A.
• PolyJet Printing: PolyJet Technology is used to produce smooth, accurate
parts. Unlike STL, where the resin was deposited in a bed and a light source
was used to cure this resin, in this case the resin is deposited via a build head
that moves across the print bed. The printer used with this technology is the
Stratasys’ Objet Eden 350V, which allows for accurate, large parts. Note that
the resolution accuracy from this type of prints were not as good as those
observed in the Ember or the Form 2 printers. However, the need to print large
parts required the use this machine, as these parts would not ﬁt in the print
area of the other 3D printers.
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A summary of the main features of the diﬀerent 3D printers is shown in Table 2.1.
Table 2.1.
Speciﬁcations for the available 3D-printers.
Available Printers
Parameters

Replicator 2X,

Form 2

Ember

Eden 350 V

Taz 6
Printer Type

Type of parts

FDM

Objet

SLS

DLP

PolyJet

Moderate

High

Moderate

resolution,

resolution,

resolution,

medium size

small size

large size

Medium

Medium

High

Low resolution,
large size

Material Price

2.2

Low

Materials
In regards to the material selection, the following type of materials were available:

• CPS PR48 Resin: Clear resin designed to provide highly accurate prints in the
Ember printer. This resin provided a higher degree of accuracy than any other
material
• CPS SM442 Resin: Flexible resin used for making seals and/or other ﬂexible
components in the Ember printer
• Formlabs Clear Resin: Prints were not as accurate as the PR48 but this resin
provides a higher Young’s modulus. This resin was created for the Form 2
printer
• Formlabs Tough Resin: Designed to simulate ABS plastic, with comparable strength
and Young’s modulus [11]. This resin was provided for the Form 2 printer
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• Formlabs Durable Resin: Designed to simulate Polypropylene resistant to friction and wear. This resin was created for the Form 2 printer
• Formlabs Flexible Resin: Flexible material ideal for seals and/or other ﬂexible
parts. This resin was provided for the Form 2 printer
• Polylactic Acid (PLA) and Acrylonitrile Butadiene Styrene (ABS): Plastic
ﬁlaments available for functional FDM prints
• High Impact Polystyrene (HIPS) Filament: D-limonene soluble ﬁlament
• Polyvinil Alcohol (PVA) Filament: Water soluble ﬁlament
In case of the resins, these materials were also mixed in order to obtain intermediate material properties. For example, the Formlabs Flexible was combined with the
Formlabs Durable resin in order to obtain more durable seals than those obtained
with Flexible resin by itself. The material features and the process of mixing materials will be discussed in detail in each one of the particular parts where these materials
were used.
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3. HYDRAULIC DIAGRAMS,SYSTEM DESIGN AND
FUNCTIONALITY
A miniature forklift was selected as the system in which all the hydraulic components
were assembled. Forklifts are devices that students can easily identify and they typically contain several hydraulic systems. In addition, the possibility of making an RC
control system would make the showcasing process more interactive.

3.1

Hydraulic Diagrams
The ﬁrst step was to create a hydraulic circuit diagram for the forklift. This

diagram outlines the hydraulic components of the system. The goals of this design
were to show as many diﬀerent hydraulic applications and components as possible
and to assure that the system performs the desired tasks. A few hydraulic diagrams
were proposed and a decision matrix was done in order to select the proper design.

3.1.1

Design #1

The ﬁrst design included a hydrostatic transmission as the drive mechanism. The
functionality of this system involved a variable displacement pump and a ﬁxed displacement motor. Another ﬁxed displacement pumping unit was used to provide
power ﬂow to the lift and steering systems. The lift actuation was accomplished by a
single-acting piston-cylinder assembly while the steering actuation was accomplished
by a double-actuating cylinder. The lift ﬂow was controlled by a proportional 3-way
valve while the steering system was controlled by 4 on/oﬀ valves.
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Fig. 3.1. Hydraulic diagram: Design #1.

3.1.2

Design #2

This hydraulic design included a valve to control the speed of the transmission.
This involved using ﬁxed displacement units only. Since a variable displacement pump
involved a more complicated assembly and sealing than a ﬁxed displacement unit, the
3D printing process of this pump type appeared to be too challenging, and this is
why this unit was replaced in designs 2, 3, and 4.
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Fig. 3.2. Hydraulic diagram: Design #2.

3.1.3

Design #3

This design did not include a hydrostatic transmission at all. One of the reasons for
this was the fact that including more ﬁxed displacement units would not necessarily
translate into a more comprehensive review of 3D printing technologies in the project
since a ﬁxed displacement unit was already present anyway. Also, the development of
these units would take more time as well as more space and weight in the prototype.
In addition, the use of 4 on/oﬀ valves in the steering system was replaced by the
use of a spool-type servo valve which would reduce size and energy consumption,
since only one servo was required for this. The following picture shows the diagram
corresponding to this third design.
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Fig. 3.3. Hydraulic diagram: Design #3.

3.1.4

Design #4

In order to avoid the leakage due to poor tolerances in the 4-way rotary valve (this
will be discussed in more detail in Chapter 5), this element was replaced by 3 on-oﬀ
valves. The objective of these on-oﬀ valves are to control ﬂuid ﬂow to the tank, the
steering, and the lift systems independently. More details about the functionality of
this design are shown in Section 3.3, as this was selected as the ﬁnal hydraulic design.
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Fig. 3.4. Hydraulic diagram: Design #4.

The elements shown in the hydraulic diagram above are as follows:
1. DC Motor
2. Lovejoy Coupling
3. Fixed Displacement Pump
4. Flexible Piping
5. On-Oﬀ Valves
6. Lift System Including a a Single-Acting Piston-Cylinder
7. 4/2 Directional Control Valve
8. Steering System Including a Double-Acting Piston Cylinder
9. Tank
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3.1.5

Decision Matrix

In order to decide a ﬁnal hydraulic design, a decision matrix was created. The
criteria to rank the designs were the variety of showcased hydraulic components (with
a weight of 3/5), the feasibility of 3D printing all of the components involved in the
design (weighted as 5/5), and the size compactness (with a weight of 3/5). Scores
were given in a range of 1-10 for each of the design iterations in each of the diﬀerent
criteria elements. As shown in Table 3.1, Design #4 received the best score and
hence this design was selected for implementation. Even though this design did not
show as wide of a variety of hydraulic components as some of the other designs, the
feasibility to implement this design and its size compactness made this design obtain
a higher score than any of the other designs. Despite the fact that Design #4 would
not represent the best hydraulic performance in a real-world hydraulics application,
given the fact that these components will be 3D printed and some simpliﬁcations
needed to be made, this is an appropriate design to be implemented.
Table 3.1.
Hydraulic design decision matrix.
Criteria
Variety of hydraulic Feasibility of
Design

Size
compactness Score

components

production

3

5

3

Design #1

10

2

4

52

Design #2

8

5

2

55

Design #3

6

7

10

83

Design #4

5

10

9

92

Iterations
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Therefore, the focus of this project was mainly involved with 3D printing an
appropriate ﬁxed displacement pump, a directional-control valve along with a double
acting piston-cylinder for the steering system, the lift system with a single-acting
piston-cylinder, and the gate valves used to allow ﬂow for all of these operations.

3.2

System Design
Typical forklifts have the steering wheels placed in the back. In the current

design, however, these wheels were placed in the front. The reason for this was the
simpliﬁcation of the hydraulic circuit. Since the lift system was also located at the
front, it was more convenient to have both of these systems located in the same area.
The tank was located in the rear end on top of the pump. There were two reasons
for this. The ﬁrst one was to help prime the pump. Under these circumstances, the
pump should never run dry since there would always be some static pressure helping
push ﬂuid from the tank to the pump. The second reason was that this section was
free of any other components so it was simple to place the tank here. An oriﬁce across
the tank will help the user place ﬂuid in the tank by means of a funnel. Finally, all
other electronic components will be placed in the bottom plate. Fig.3.5 shows a CAD
representation of the ﬁnal forklift design.
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Fig. 3.5. Isometric view of the forklift CAD design.

3.3

Hydraulic System Functionality
This section represents the hydraulic system functionality of each of the diﬀerent

forklift functions: drive, steering, and lift, for the chosen design. Note that the
drive system can be employed at the same time as the lift and the steering but the
steering and the lift cannot occur simultaneously. This would simplify the hydraulic
operations.
Drive: Even though the drive will be fully electric, the pump will be energized
at all points in order to make the hydraulic functionality faster. Therefore, during
the drive function the ﬂow provided by the pump will be dumped to the tank at all
times.
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Fig. 3.6. Drive only power ﬂow.

Steering: For the steering. the servo valve will control the ﬂow from the pump
to the two cylinder chambers and the tank.

Fig. 3.7. Steering only power ﬂow.
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Lift (Upward Movement): This functionality is simple to accomplish since the
only requirement is to provide high pressure ﬂow from the pump to the single-acting
cylinder for a given period of time and keep the rest of the channels closed.
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Fig. 3.8. Lift (upward movement) power ﬂow.

Lift (Downward Movement): The forklift is lowered due to the gravity and
the weight of the fork assembly and the weight being carried by the fork. Since this
design speciﬁed to the pump to be turned on at all times, it is necessary to direct ﬂow
from the pump to the tank while at the same time providing ﬂow from the downward
movement of the lift system to the tank. The only caveat is that the pressure of the
ﬂuid being pushed down from the lift must be higher than the pressure requirement
to provide ﬂow to the tank so that the pump ﬂow takes the path of least resistance
and it is directed to the tank rather than to the lift actuator. In order to make sure
that this is the case, it must be ensured that either the eﬀect of height diﬀerence or
the weight of the lift system is greater than the pressure requirement to reach the
tank’s height. Note that the tank is placed above the pump body.
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Fig. 3.9. Lift (downward movement) power ﬂow.

It was necessary to compare the pressure requirements to push the ﬂuid to the
tank to the hydraulic pressure exerted by the downward lift mechanism. Fig. 3.10
shows the diﬀerence in height between the minimum ﬂuid height in the lift mechanism
and the elevation that must be achieved to deliver ﬂow to the tank. In addition, a
minimum 250 g mass constraint in the lift system is included in order to help the
downward lift sequence.

Fig. 3.10. Height and mass requirements present in lift mechanism and tank.
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The pressure head required to elevate the ﬂuid (water, for now) to the tank is:
P =ρ∗g∗h

(3.1)

Ptank = 0.114 P si

(3.2)

Meanwhile, the pressure required by the lift mechanism is:

P = ρ ∗ g ∗ h + m ∗ g/A

(3.3)

Plif t = 0.552 P si

(3.4)

As one can see, the minimum pressure in the lift system is about ﬁve times the
pressure required to deliver ﬂow to the tank. Therefore, the argument that the ﬂow
will follow the less resistant path and be delivered to the tank is a convincing one.
This concludes the outline for the hydraulic system development and the diﬀerent
functionalities. The required hydraulic components have been outlined. The next
chapters will focus on each one of those individual components and will explain how
it is possible to use 3D-printing to develop each one of them.
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4. LOBE PUMP: DESIGN, 3D PRINTING, AND
TESTING
The system design and the hydraulic functionality have been presented in Chapter 3.
Chapter 4 and the next four chapters will provide an in-depth analysis into each one
of the speciﬁc hydraulic components in the system. The ﬁrst component under study
will be the ﬁxed displacement pump.

4.1

Objectives
The goal of this chapter is to explain the design, 3D printing, and testing process

involved in making a fully functional positive displacement pump able to provide ﬂow
to the steering and lift systems. The speciﬁc objectives of this section are:
• To determine the appropriate 3D printing methodologies and materials for each
part of the pump
• To 3D print a fully functional ﬁxed displacement pump that can deliver ﬂow at
the proper pressure and ﬂow rate to meet the steering and lift demands
• To explore the capabilities of high-ﬁdelity 3D printing and to outline means to
enhance 3D printing tolerances
• To develop a test system and provide means to characterize this pump

4.2

Pump Selection
First, it was necessary to select a speciﬁc type of pump, since there are many

diﬀerent types of ﬁxed displacement pumps available in the market. External gear
pumps are popular in industry due to their simple design, good performance and their
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fairly inexpensive price [12]. However, obtaining the proper tolerances for this type
of pump is not possible given the state-of-the-art 3D printing processes and materials
available at the moment. Typically, in this type of positive displacement machine the
gears are made of a diﬀerent material than the body so that the gears can wear out
the casing to the right dimensions in the ﬁrst few cycles [13]. This process is referred
to as “running in”. This technique would be challenging in an additive manufacturing
environment given the fact that the 3D printing materials are non-metallic and they
could easily wear out. An initial gear pump prototype was printed to test this concept.
Early testing showed that gears were wearing out very easily, and it was not possible
to wear out the casing while maintaining an unchanged gear proﬁle. Therefore, it
was decided to move on to a diﬀerent pump model, in particular, a lobe pump. The
design of the lobe pump is very similar to that of the gear pump. However, lobes are
used instead of gears to displace ﬂuid. Since the lobes are not driven by contact force
between them, this pump can run dry without damaging any of the parts. In this
type of design, two gears must be coupled to the shafts in order to synchronize the
lobe rotation. As the lobes rotate, a partial vacuum is created and ﬂuid is brought
into the suction area. Then, ﬂuid is trapped in between two of the lobe teeth and
it travels in the region between the lobe proﬁle and the body proﬁle. Finally, as the
lobes mesh ﬂuid is pumped out at a high pressure. This working principle is outlined
in ﬁg. 4.1.

Fig. 4.1. Lobe pump working principle obtained from [14].
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4.3

Pump Design
A simpliﬁed model of a commercial lobe pump design [15] was developed in order

to reduce the amount of parts needed and simplify the assembly process. Figures 4.2,
4.3, 4.4, and 4.5 show an isometric, front, side, and exploded view of the pump design,
respectively. Note that the front cover and the body parts are shown as transparent
in order to help visualize the pump design.

Fig. 4.2. Isometric view of the 3D printed lobe pump.

Fig. 4.3. Front view of the 3D printed lobe pump.
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Fig. 4.4. Side view of the 3D printed lobe pump.

Fig. 4.5. Extruded view of the 3D printed lobe pump.
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4.3.1

Seal Design

Proper sealing is one of the most important factors that will determine the success
of the pump. The existence of ﬂexible resins allows for these parts to be 3D printed.
Two type of sealing areas exist in this pump: the front cover-body interface and also
the shaft-body interface.
Front Cover - Body Interface Seal: A static seal between the cover and the
pump body was necessary. 3D printing of ﬂexible resins result in larger dimensions
than those in the CAD design. Therefore, it is needed to compensate for the size variation by undersizing the CAD model. The original designed cross-sectional diameter
of this seal was of 1.5 mm. However, this was reduced to 1.25 mm in the ﬁnal model.

Fig. 4.6. Front cover and body with stationary seal.

Shafts - Body Interface Seal: In this section, a mechanical seal was employed.
This seal consisted of a static part connected to the pump body and a dynamic part
attached to the lobes [15]. Figure 4.7 shows an example of a mechanical seal used in
industry.
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Fig. 4.7. Mechanical seal schematic from Alfa Laval Easy Fit Seal [15].

The descriptions of the parts shown in the above picture are indicated in Table
4.1.
Table 4.1.
Alfa Laval “Easy Fit Seal” part nomenclature [15].
Item

Description

101

Wave spring

102

Rotary seal ring O-ring

103

’L” cup seal

104

Rotary seal drive ring

105

Rotary seal ring

106

Stationary seal drive ring

107

Stationary seal ring

During the 3D printing process, the rotary seal drive ring was too small to be
durable enough during testing. As this was not a fundamental piece of the seal
design, it was eliminated from the pump design. The wave spring was purchased.
The rest of the components were 3D printed. Figure 4.8 shows the implemented
CAD model.
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Fig. 4.8. CAD representation of the mechanical seal.

4.4

3D Printing Process
This section will describe how the diﬀerent pieces were 3D printed. Since the

3D printing process showed the need to re-design some of the design features, this
section is necessary to understand the ﬁnal pump design. Each one of the pump parts
is described individually.
Pump Body: Dimensional accuracies in the pump body section are critical to
ensure a high pump eﬃciency [12]. Initially, it was intended to print this item using
the most accurate 3D printer, which is the Ember printer. Due to the maximum
print size constraint associated to this machine, the outside dimensions of the body
were based on the maximum size allowed by this printer. In order to minimize the
size of the body, it was considered to print the body ﬁrst and then the couplings
meant to connect the pump to the piping section via threaded connections. Figure
4.9 shows the ﬁrst attempt to print the pump body horizontally against the printer’s
build head.
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.· ------ Pump body

· ------ Print head

Fig. 4.9. Pump body horizontal print setup in the Ember printer.

This part could not be printed successfully. The large cross-sectional area of the
part caused the print tray to jam against the build head during the 3D printing
process. This issue was encountered many times when trying to print large pieces
in the Ember printer. The next step was to reduce the tray turning motor speed in
order to increase the torque exerted by this motor and prevent jamming. However,
after trying to minimize this value this issue still persisted, and new 3D printing
approaches were considered. Next, it was decided to print this part vertically, which
would allow for a signiﬁcantly smaller cross sectional printing area. The results of
this showed some extra cured resin in the bottom of circular sections. This was the
result of an overhanging geometry, which must always be avoided when 3D printing.
In order to get rid of this resin and not let it cure within the piece, a “run-oﬀ” section
was designed to guide the extra resin from the circular proﬁles out to the resin pool.
This solved the problem. Unfortunately, the circular sections where the seals would
be placed were visibly not perfectly circular. Therefore, it was concluded that, when
using stereolithography 3D printing, circular cross sections must always be placed
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horizontally since vertical prints result in an oval-like shape. Since this part was
critical for a good sealing performance, therefore a new approach needed to be found.

Fig. 4.10. Vertical print attempt of pump body in the Ember printer.

The next step was to print this part at an inclination and see if this would result
into a more perfect circle. However, this type of inclined prints failed also. This
technique is further explained in the back plate section. Therefore, it was decided
to print this part in the Form 2 printer. Even though the dimensional accuracy of
this printer is not as good, any further dimensional necessities within the pump could
also be adjusted with the lobe proﬁle, which would indeed be printed in the Ember
printer. Since the Form 2 printer did not hold the same dimensional constraints as
the Ember, the pipe couplings were incorporated within this part and resulted in the
piece shown in Figure 4.11. The circular sections resulted in an optimum shape in
this iteration.
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Fig. 4.11. Pump body printed in Form2.

Back Plate: The back plate is referred as to the piece carrying the ball bearings
that will guide the pump shafts. Since fully horizontal and vertical prints turned out
to be unsuccessful in the printing process of the body, this part was printed at some
inclination. Initially, the 3D printing ﬁle was printed using the Print Studio software,
which is the default program for Ember users. However, the resulting part showed
that the supports were not good enough to hold the part ﬁrmly while not causing the
print job to jam. The next step was to use Netfabb Premium and to try the supports
in this program. Unfortunately, despite many attempts it was not possible to ﬁnd
the proper print parameters that could provide a successful print. Some of the issues
experienced were print jamming, detachment from the print platform, or extremely
poor dimensional accuracy. The next step was to attempt a vertical print using
again a “runoﬀ” section. Since the only connections in this piece are mechanical (for
bearing placement), the poor dimensions of the circular section were not considered
as important as in the pump body where these dimensions can determine the sealing
quality. The printing process for this was successful. However, the dimensions were
still too poor for the bearings to ﬁt well. Therefore, it was decided to print this piece
using the Form 2 printer instead, which provided a better accuracy in this circular
section. This proved to give a successful outcome. In general, prints in the Ember
printer turn out to have the highest quality when not using supports.
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Lobes: The small size of these pieces and the high resolution requirements make
this piece ideal to be printed using the Ember. The ﬁrst attempt showed an issue that
has been persistent when printing pieces ﬂat against the build head. This is the fact
that the edges of the piece get swollen and they lift up slightly from the ﬂat surface.
This lack of ﬂatness would reduce the pump eﬃciency and should be avoided. One
way to ﬁx this issue would be to increase the area of contact between the build head
and the piece. It would be possible to then get rid of this extra area that would
absorb most of the shape curving issue. The way to do this was by adding a raft
in the CAD model that could be later removed using a sharp razor. A CAD model
exemplifying the addition of this raft structure around the lobe proﬁle is shown in
ﬁg. 4.12.

Fig. 4.12. Lobe geometry including raft structure.

Fig. 4.13 compares the results of using a raft (right) versus not using a raft (left).
One can see how the bending in the no raft proﬁle yields a larger clearance between
the ﬂat surface and the lobe. Therefore, ﬁnal lobe proﬁles included a raft in order to
minimize this swelling issue.
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No Raft

Raft

Fig. 4.13. Comparison between lobes proﬁle when using a raft vs. not using a raft.

Initially, the lobes included a splined section to connect with the shafts. However,
as the shaft design changed from a 3D printed version to a purchased version (as shall
be discussed in the shaft section), the coupling between the lobe and the shaft was
done via a keyed connection. In order to ﬁnd a good match between the dimensions
of the lobe and the shaft/key, it was necessary to change some of the dimensions of
the lobe to account for imperfect 3D printed tolerances. Table 4.2 shows the diﬀerent
trials attempted. Note that the ﬁrst design accounts for the theoretical geometry
where dimensions of the lobe and the shaft/key would perfectly match in the CAD
geometry.
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Table 4.2.
Lobe-shaft connection dimensional parameters iteration.
Iteration

Shaft ID (in)

Key x (in)

Key y (in)

Comments

1

0.25

0.09375

0.09375

Undersized

2

0.275

0.1

0.1

Oversized

3

0.26

0.095

0.095

Good connection

Figure 4.14 shows a picture of what each of the dimensional parameters represent
in the CAD geometry.

Key_y

Fig. 4.14. Lobe geometry parameters.

Table 4.3 shows the ﬁnal print parameters shown to work well for the lobes’ print
job. Since Ember prints require further print parameters than Form2 prints, it is
good to provide speciﬁcations on how each part was printed. The parameters shown
below correspond to the maximum dimensional accuracy.
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Table 4.3.
Lobe print parameters.
Paremeter

Value

Resin Type

PR48

Layer Thickness

50 micron

Orientation/Supports

Flat/No supports

Other settings

Automatic Settings for 50 micron proﬁle

Fig. 4.15. Final printed lobe results.

Gears: The small gear size also allowed for printing this part in the Ember
printer. At ﬁrst, these gears were printed using the clear PR48 resin. However, it was
noticed that these pieces would wear out after a few minutes of testing, producing
further imbalances. Therefore, it was decided to print these pieces using Durable
resin instead. This worked well and the life span of the gears was improved. Since
the connection between the shafts and the gears were similar to those of the lobes and
the shafts, the same dimensions found for the lobe-shaft-key connection (see Table
4.2) were employed. Table 4.4 shows the ﬁnal print parameters that allowed to obtain
an Ember print using Formlabs’ Durable resin. This is a third party resin that this
printer was initially not designed for, but the parameter ﬂexibility allowed for the use
of this resin.
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Table 4.4.
Gear print parameters.
Paremeter

Value

Resin Type

Formlabs Durable

Layer Thickness

50 micron

Orientation/Supports

Flat/Automatic supports

Model Separation Slide Velocity

2 RPM

Model Exposure Time

2.5 s

Model Wait Time

2.5 s

LED current

200 mA

In the ﬁnal design, one of the gears included a short shaft with a small hole to
connect directly to a lovejoy coupling that is driven by the motor. Figure 4.16 shows
the ﬁnal results of printing these gears.

Fig. 4.16. Final printed gear results.

Mechanical Seal: This section discussed the process involved in making the
mechanical seal. First, the ﬂexible pieces of this seal are discussed. The rigid parts
of this seal will be discussed afterwards.
Mechanical Seal Flexible Pieces: Formlabs uses a ﬂexible resin that is suited
to print ﬂexible seals. The same way it was possible to tune the Ember to print with
Durable resin, it was also possible to make this machine print Flexible resin. Early
attempts of using this resin alone showed very poor performance, as the seals would
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easily wear out after minutes of testing. However, it was possible to mix this resin
with the Clear and/or Durable resins in order to obtain a material that would be
ﬂexible enough to show a high degree of compliance and durable enough to sustain
testing without breaking. After making several mixtures and testing them, it was
determined that the optimal mix consisted of 37.5% durable resin and 62.5% ﬂexible
resin. As the printer was not designed for this type of resin, the dimensional accuracy
of these pieces was worse than when using the PR48 resin, which showed the need
for experimental iterations to obtain the right dimensions. Table 4.5 shows the right
print parameters used to make a successful ﬂexible print in the Ember.
Table 4.5.
Ember print parameters for Formlabs Flexible material.
Parameters

Values

Proﬁle

10 micron

Layer Thickness

10 micron

First Layer Wait Time

30 s

First Layer Exposure Time

10 s

First Layer Velocity

4 rpm

Burn-in Layers Wait Time

30 s

Burn-in Layers Exposure Time

8s

Burn-in Layers Velocity

4 rpm

Model Layers Wait Time

30 s

Model Layers Exposure Time

4s

Model Layers Wait Time

4 rpm

LED Current

200 mA

Now, each one of the ﬂexible parts involved in the mechanical seal are explained.
• “L” Cup: The OD of this piece had to be iterated since the nominal dimension
(11.4 mm) was too large and could not be ﬁtted within the pump body. Several
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designs were printed including 10.5, 10.8, and a 11.1 mm design ODs. The 10.5
mm OD ﬁtted best and was selected as the ﬁnal product.
• O-ring: Some iterations were done in order to ﬁnd the matching OD of the
O-ring. The ﬁnal result involved a 10 mm diameter part.
• Rotary Seal Ring: Table 4.6 shows the necessary iterations for this component. Note that in all of these tables the ﬁrst iteration corresponds to the
original CAD dimensions while the last iteration shows the successful dimensions for the assembly. Figure 4.17 shows what these dimensions represent.
Table 4.6.
Rotary seal ring dimensional iterations.
Iteration

OD

Middle

(mm) Diam. (mm)

ID

Thickness

Halfway

(mm)

(mm)

Thickness (mm)

1

11.4

10.1

8.2

2.1

1.5

2

11.2

9.5

8.2

1.6

1.2

3

11

9.2

8.2

1.4

1.2

4

11.1

9.8

7.8

1.8

1.2
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Fig. 4.17. Rotary seal ring dimensions schematic.

Mechanical Seal Rigid Pieces: The following parts were printed using the
durable resin in the Ember printer. Since the use of this resin required some tuning
as well, each one of these prints needed a few iterations.
• Stationary Seal Ring: Table 4.7 shows the necessary iterations for this component. Figure 4.18 shows what these dimensions represent.
Table 4.7.
Stationary seal ring dimensional iterations.
Iteration

OD

Middle

(mm) Diam. (mm)

ID

Thickness

Halfway

(mm)

(mm)

Thickness (mm)

1

10

9

7

3.8

0.9

2

9

8

7

3.6

0.7

3

11.18

7

6

3.4

0.5

4

8.5

7.5

6.5

3.5

0.6

5

8.5

7.65

6.9

3.5

0..6
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Thickness

Fig. 4.18. Stationary seal ring dimensions schematic.

• Stationary Seal Drive Ring: The initial design of this piece included two
extrusions designed to connect the mechanical seal to the pump body (refer to
Figures 4.7 and 4.8 to see these extrusions). However, these were so small that
they could not be ﬁt within the pump body without breaking. Therefore, these
disks were printed without the aforementioned extrusions and the assembly
of this part within the pump body was so tight that these pieces would hold
together without the risk of rotation. Table 4.8 and Figure 4.19 give the details
of these iterations.
Table 4.8.
Stationary seal drive ring dimensional iterations.
OD

ID

Thickness

(mm)

(mm)

(mm)

1

11.4

9

2

2

11.4

7

1.3

3

11.4

7.5

1.45

4

11.4

8

1.6

Iteration
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Thickness

ID

Fig. 4.19. Stationary seal drive ring dimensions schematic.

Shafts: Since the shafts and the bearings will hold most of the pump load, these
parts will be the ones most subjective to failure. 3D printing shafts was the most
challenging task in the pump development process, and the inability to ﬁnd a print
methodology that would translate into durable pieces led to the decision of purchasing
these parts instead. Below, the diﬀerent iterations carried out to ﬁnd the proper size
dimensions are presented.
First Iteration: PR48 in the Ember: Figure 4.20 shows the initial shaft
design.

Fig. 4.20. Initial shaft design.

Initially, two shafts were printed using PR48 resin in the Ember printer in the
interest of obtaining high resolution parts. These shafts included a splined section to
connect to the lobes. Using these shafts, the pump was able to run well for about ten
minutes. However, after this time, there was a break in the shaft section, suggesting
the need for a diﬀerent material.
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Fig. 4.21. CPS PR48 shaft broken after initial testing.

Second Iteration: Formlabs’ Tough in the Form 2 and the Ember: In
order to solve this issue, it was decided to 3D print the shafts using other types of
resin. First, Formlabs’ Tough resin was used. However, this type of resin provided a
very poor shaft resolution in both the Formlabs and the Ember printers. An example
of these poor resolution, curled prints may be observed in Figure 4.22.

Fig. 4.22. Formlabs’ Tough shaft.

Third Iteration: Formlabs’ Durable in the Ember: Next, it was attempted
to use the Formlabs Durable resin, supposed to be more ductile and wear resistant
than the Clear or PR48 resin. This was tested, and it was shown that using this type
of shafts it would take longer for the shafts to break. However, after about twenty
minutes of testing, a break occurred in the section connecting the splined section to
the rest of the shafts.
Fourth Iteration: Design Changes: As neither one of the materials in the
catalog proved to be reliable enough to print the shafts, the next step was to make
some changes to the CAD design in order to ﬁnd ways to improve the durability of
this part. The following changes were made:
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• Print shafts at an inclination with supports. All shafts up to this point
have been printed vertically. This provides for the highest resolution but also the
lowest durability because every sliced image will have the smallest possible cross
sectional area. Since every layer is printed individually, a small cross sectional
area is undesirable because it will minimize the attachment between each one
of these layers. In addition, a fully horizontal print was not possible due to the
poor resolution brought about by this horizontal print as shown in Figure 4.23.
Therefore, making the shaft at a certain inclination and including supports was
the last option. Note that supports had to be included in the CAD drawing
since the supports provided by PrintStudio and Netfabb Premium proved to be
poor as discussed earlier.

Fig. 4.23. Result of horizontal print.

• Change spline section by a square section. The 3D printing resolution
made it diﬃcult to print a successful spline section to attach the shafts to the
lobes, and the assembly process was sometimes time consuming due to this. In
addition, when running the pump fracture typically occurred at the intersection
of this spline cross section with the shaft’s circular cross section as seen in the
lobe in Figure 4.24. In order to make the assembly process easier, this splined
cross section was changed by a square cross section.
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Fig. 4.24. Spline fracture shown in lobe.

• Include ﬁllets This was done in order to avoid high stress concentration in the
areas connecting the shaft to the lobes and the gears.
The above changes were implemented in this design:

Fig. 4.25. CAD drawing describing stated design changes.

In spite of the fact that these changes enhanced the performance life of the pump,
the shafts were still breaking after minutes of testing. In addition to poor material
properties, the vibrations induced by the imperfectly circular shafts deﬁnitely played
a negative role in the life span of the shafts. Despite an intensive eﬀort to come
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up with the right material properties and print parameters to obtain some reliable
shafts, this proved to be very diﬃcult. Perhaps a larger cross sectional area would
have solved this issue, but this would certainly involve making further changes to
most of the existing pump parts. Another alternative would be to print this part
using a metal 3D printer, but this was not available. Therefore, it was decided to
move on and machine metallic shafts that would last. Steel carbon shafts, along with
their respective keys, where machined and assembled to the lobes and gears. This
resulted into a durable, reliable working pump.
Front Cover: The front cover is a clear piece that will allow for ﬂow visualization
in the pump. This is a ﬂat piece whose size is too large for the Ember. Therefore,
it was printed using the Form 2. However, once the pump was assembled the force
of the screws pushing against this part bended it signiﬁcantly, as shown in ﬁg. 4.26.
In order to avoid this issue, the same part was laser cut from an transparent acrylic
plate instead.

Fig. 4.26. 3D printed front cover bent after testing.

Incorporated Collection Tank and Silicone Sealing: Despite the attempts
to avoid any external leakage outside of the pump, initial testing showed some leakage
was still present. This was mainly due to the imperfect 3D printing tolerances and
the fact that the seals’ ﬂexible material was not durable enough and it was wearing
out during testing. In order to still be able to incorporate this pump into the ﬁnal
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forklift, the idea was to make a small collection tank that could be directly attached
to the pump and would contain this ﬂuid. After a while, this extra ﬂuid could be
deposited away.

Fig. 4.27. Final assembly of 3D printed pump with collection tank.

In addition, another way to reduce the amount of external leakage was to add
some silicone in the interface between the lobes and the pump body. This proved to
reduce the amount of leakage. However, the demerit of using this silicone is the loss
of eﬃciency due to poor tolerances. These poor tolerances are due to the fact that
it is necessary to push the lobes 1.3 mm away from the body in order to make room
for this silicone. This is shown in Figure 4.28. In the future, it may be appropriate
to add a gasket in this clearance section in order to make up for the spacing between
the lobes and the pump body.
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1.3 mm

Added Silicone Here

Fig. 4.28. Clearance between lobes and body resulting from adding extra silicone.

Other Purchased Parts: A total of four ball-bearings were purchased in order
to align the shafts. In addition, three shaft collars were also purchased in order to
keep the gears in place.
Final Pump Assembly: The ﬁnal result of the working pump is shown in the
following picture.

Fig. 4.29. Final assembly of 3D printed pump.

Table 4.9 contains a summary of all the components in the pump assembly and
the method to make them.
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Table 4.9.
Summary of parts in lobe pump assembly.
Part

3D Printer/Purchased

Reason

Pump Body

Form 2

Large size

Back Plate

Form 2

Large size

Lobes

Autodesk Ember

Small size,
high resolution

Gears

Autodesk Ember

Small size,
high resolution

Rotary

Autodesk Ember

Seal Ring
O-ring

Small size,
high resolution

Autodesk Ember

Small size,
high resolution

Stationary

Autodesk Ember

Seal Ring
Stationary Seal

high resolution
Autodesk Ember

Drive Ring
”L” Cup Seal

Small size,

Small size,
high resolution

Autodesk Ember

Small size,
high resolution

Reservoir

Makerbot Replicator

No need for
high resolution

Wave Spring

Purchased

Not possible to 3D print

Shafts

Purchased

Not possible to 3D print

Collars

Purchased

Not possible to 3D print

Acrylic Front
Plate

Laser Cutter

3D printed part
caused bending
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4.5

Development of a Steady-State Experimental Setup
Once the design was completed, it was necessary to characterize the performance

of the pump experimentally. Even though a full pump characterization was not
performed, this section lays the foundation for future pump tests. The following are
the speciﬁc objectives of this experimental testing.
• Determine the steady state response of the pump
• Determine the pump speed vs. capacity and horsepower of the pump
• Determine the pump eﬃciency and pump losses
• Find the proper pump parameters appropriate for the given demands in the
miniature forklift.
The steady state measurements are key for quantifying the pump losses and their
dependency on operating parameters. In addition, thanks to these tests it is possible
to obtain the parameter range of the eﬀective torque and the eﬀective volumetric ﬂow
rate. Using steady state measurements, it is possible to ﬁnd the derived displacement
volume. This is a value needed for the calculation of volumetric and torque eﬃciencies of a positive displacement machine [16]. This provides a more accurate volume
displacement value than a geometric volume displacement obtained from the pump
geometry. Equations 4.1-4.3 show the relationship between theoretical torque and
ﬂow rate and their actual value.
It is known that:
Qe = Vmax ∗ n − Qs

(4.1)

Where Qe is the eﬀective ﬂow rate of the pump, Vmax is the derived displacement
volume determined during measurements, n is the pump speed, and Qs are the pump
ﬂow rate losses. Also,

Te =

Δp ∗ Vmax
+ Ts
2π

(4.2)

56
Where Ts are the pump torque losses.
Mainly, there are two methods to calculate the derived displacement volume.
These two methods are discussed to a larger extent by Kim, Kalbﬂeisch, and Ivantysynova in [16]:
1. ISO 8426 standard. This test procedure consists of maintaining a constant
pressure drop across the pump while varying the pump speed. An example of
the results obtained by using the ISO standard are shown in ﬁg.4.30. The slope
of the curve will provide the volumetric displacement. This is:

V =

l

Q.

flp = con r

Q2 − Q 1
n 2 − n1

(4.3)

>0

fJ = co n ·t

v, =

Q, - Q,
Il l -

n1

JI - - -

Fig. 4.30. Example of results obtained under the ISO standard retrieved from [16].

However, using the ISO standard yields an inaccurate result because the derived
displacement volume value will change when measuring along diﬀerent pressure
diﬀerences [16].
2. Toet Method: In this method, the eﬀective ﬂow rate is measured at diﬀerent
pressure diﬀerences while maintaining a constant speed. It is then possible to
ﬁnd the derived displacement volume by extrapolating to a point where the
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pressure diﬀerence is zero. The demerit of this method is that the derived
displacement volume is known to change with diﬀerent velocities due to cross
porting. The eﬀect of cross porting on derived displacement volume is discussed
in detail in [16] . This method is known to be more accurate than the ISO
standard, and it will be therefore the one implemented. An example of the
results obtained using Toet’s method is shown in ﬁg. 4.31.

l

Q,

..-------::--Ex 1rapola1ed 10 t;p = 0

-l

•·········

11 = co nst
0 = const

Q,

l

X

v, :

Q1

/ 11

0

Fig. 4.31. Example of results obtained under with the Toet method
retrieved from [16].

Fig. 4.32 shows the test setup employed to obtain the results necessary using
the Toet methodology according to [17]. The procedure consists of maintaining a
constant pump speed while changing the pressure value by means of a load, which in
this case is a gate valve.
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Fig. 4.32. Schematic of experimental setup.

Table 4.10 represents the diﬀerent variables that must be measured and the devices
employed to measure them.
Table 4.10.
Lobe pump test equipment.
Parameter
P1

I

Device
Pressure

Model Name
WIKA A-10

I

Accuracy
0.5 %

Transducer
P2

Pressure

I

I

Comments
Range
0-25 psig

WIKA A-10

0.5 %

Transducer

Range
0-500 psig
-

N

Tachometer

Ametek 1726

0.0025 %

-

Qi

Flow Meter

Hydr. Tester LT

1%

-

Rather than measuring pump torque explicitly, it is possible to estimate this
value if the current and voltage into the electric motor are known, as well as the
motor eﬃciency. This avoids the need to obtain a torque meter. Also, the ﬂuid
will be assumed to be at room temperature, which avoids the need for thermometers.
According to Ivantysyn, Ivantysynova [17], the following steps must be taken to obtain
steady state tests. Table 4.11 shows a sample of the data that should be taken during
every test.
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• Keep inlet pressure and temperature constant
• While maintaining a constant pump speed, adjust the pump load using the
valve in the exhaust
• Record measurements stated in Table 4.11 for steady state conditions

Table 4.11.
Necessary data for pump steady-state tests.
Inlet-Outlet
Speed (RPM)

Motor

Flow

Motor

Temperature
Pressure

Current Voltage

Rate
(C)

(psi)

4.5.1

(gpm)

(A)

(V)

Preliminary Testing

Even though the appropriate steady-state tests still need to be implemented, some
preliminary tests were carried out in order to get an idea of whether the pump could
accomplish the necessary forklift demands or not. To do this, outlet pressure measurements were taken while opening and closing a load valve. The inlet pressure was
constant and established to be 0.25 psi. The pump speed was set at 2,400 RPM. Fig.
4.33 shows this preliminary test setup while ﬁg. 4.34 shows the preliminary outlet
pressure results.
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Fig. 4.33. Preliminary pump tests setup results.
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Fig. 4.34. Preliminary pump results.

The oscillations present in ﬁg. 4.34 correspond to the ﬁve times that the load
valve was opened and closed. The maximum pressure values were obtained when the
valve was brieﬂy fully closed. The above results show a maximum pressure value of
1.25 psi. Since this was very close to the estimated pressure value required by the
steering system (1.09 psi, as shown in Chapter 7), the next step was to couple the
pump with this system in order to ensure that these demands could be met.
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4.5.2

System Testing

Once the rest of the components were developed, it was possible to couple the
pump to them and assess whether the pump could fulﬁll the required demands. In
particular, these demands were speciﬁed as follows:
• Provide ﬂow back to the tank
• Provide ﬂow to the steering system able to push the actuators to the necessary
position
• Provide ﬂow to the lift system able to push this mechanism upwards
As all of these demands could be fulﬁlled by using this pump, this component was
identiﬁed as successful, and no more changes needed to be made.
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5. GATE VALVE SYSTEM: DESIGN, 3D PRINTING,
AND TESTING
As presented in the hydraulic diagram, a directional control valve needed to be created
in order to connect the ﬂow input from the pump to the steering valve, the lift
mechanism, and the tank.

5.1

Objectives
The objectives of this section are as follows:
• To create a valve able to connect the ﬂow from the pump to the steering valve,
the lift mechanism, and the tank
• To minimize leakage in this part
• To determine the appropriate 3D printing methodologies and materials for each
one of the parts of this valve and to provide ways in which the use of 3D printing
may be advantageous with respect to the use of other traditional manufacturing
methods

5.2

Design
Initially, the use of a rotary valve was considered. The principle behind the use

of this valve was to use a rotating element actuated by a servo in order to conﬁgure
diﬀerent ﬂuid paths connecting pump, tank, lift and steering systems. This would
allow the possibility of obtaining the diﬀerent ﬂuid paths while using one servo only.
Fig. 5.1 shows an assembly of this part while ﬁg. 5.2 shows the diﬀerent ﬂuid path
conﬁgurations.
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Fig. 5.1. CAD model of rotary valve.

~

R

Li
Pump to Lift

Pump to Tank

Pump to Steering

Lift to Tank

Fig. 5.2. Rotary valve conﬁgurations.

However, due to the poor tolerances obtained during the 3D printing process, this
idea was abandoned. The diﬃculty of sealing a rotary element was noted from the
experience gained from the work on the pump. The next alternative was to use linear
actuation instead of rotary actuation, since it is easier to contain the leakage this way.
With this in mind, the 3-way linearly actuated valve shown in ﬁgures 5.3 and 5.4 was
proposed. The goal of this valve is to be able to control the opening and closing of
the ﬂuid paths to the tank as well as the lift and steering system, hence the use of
three servos. A crank-slider assembly was used in each one of the servos in order to
convert the servo’s rotary movement to linear movement.
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Fig. 5.3. Isometric view of 3-way gate valve system.

Fig. 5.4. Exploded view of 3-way gate valve system.

Fig. 5.5 shows the opening and closing sequences. Note it takes almost a quarter
of a crank turn to move from a fully open to fully closed position.
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Fig. 5.5. Opening and Closing sequences in gate valve.

This gate valve assembly consists of the following parts:
• A valve block: This is the largest part of the assembly containing all ﬂuid
passages.
• Three gates: These are the three individual parts used to block each one of
the ﬂuid passages.
• Three lip seals: Each one of these are used to seal the linear motion of the
gate.
• Three covers: These covers enclose the seal and the gate and connect these
parts to the valve block.
• Three crank-slider assemblies: These assemblies translate the angular servo
position into a linear position of the gate.
• Three servo motors: After a few iterations with diﬀerent servos, it was determined that Spektrum A7020 Digital Wing Servo would be the right servo to
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include in the assembly. This was based on its compact size and high torque,
able to overcome the friction when pushing and pulling the gate assembly.

5.3

3D Printing Process
The following section outlines the 3D printing process behind each one of the parts

contained in the assembly.

5.3.1

Lip Seal

In order to assure a good sealing in the linear movement of the gate, a reliable
seal that prevents leakage must be made. A linear shaft motion lip seal was designed.
An example of this kind of seal used in industry is shown in ﬁg. 5.6.
Metallic Structure

Spring

Fig. 5.6. Lip seal design from [18].

There are a few diﬀerences between industry seals and the ones that have been
developed in this work. For example, high-quality lip seals usually contain a metallic
structure in order to maximize sturdiness. Since the available 3D printers cannot
make metallic structures, the seal stiﬀness could only be varied by using diﬀerent
resin concentrations. In addition, traditional lip seals also contain a spring around
them in order to enclose the ﬂuid passage. This could not be 3D printed either,
therefore, if necessary, this part could be replaced by an undersized 3D-printed o-ring
located around the seal.
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In order to obtain high-resolution seals, these parts were printed in the Ember
printer. Since the dimensional tolerances using ﬂexible material are not optimal,
some experimental tests were done in order to determine which dimensions (Outside
Diameter OD, Internal Diameter ID, and seal thickness) worked best. A small valve
opening prototype was printed in order to conduct these tests, as shown in ﬁg. 5.7.

Fig. 5.7. Valve prototype where lip seal tests were conducted.

In order to make these tests, water was ran through the valve with the gate closed.
The test specimen that resulted into no leakage was chosen for the ﬁnal assembly.
Once these dimensional tests were ﬁnished, some durability tests were performed.
These tests consisted in assembling and disassembling the valve several times ﬁrst,
and then performed gate actuations. The goal of these tests were to assure that the
material mix of the seals was durable enough to sustain the assembly/disassembly
process as well as gate actuations.
An initial OD of 14 mm worked well. A seal thickness of 1.5 mm was also appropriate. However, the ID required some iterations. This was a critical value since this
internal diameter is in contact with the moving shaft of the gate, and therefore this
is where leakage could possibly occur. In addition, friction should also be minimized
whenever possible. Table 5.1 shows the ID and material iterations carried out. Note
that the ﬁnal lip seal result (Iteration # 5) was a lip seal that was durable enough
and was able to seal any leakage while allowing for linear actuation.
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Table 5.1.
Lip seal iterations.
Iteration

ID (mm)

1

2.8

2

3

4

5

3.1

3.4

3.7

3.1

Resin Mix

Comments

75% ﬂexible

Seal does not ﬁt into gate

25% durable

No durability tests

75% ﬂexible

Seal ﬁts snuggly into gate

25% durable

Material wears out quickly

75% ﬂexible

Fits loosely into gate

25% durable

No durability tests

75% ﬂexible

Fits loosely into gate

25% durable

No durability tests

37.5% ﬂexible

Seal ﬁts snuggly into gate

62.5% durable

Material does not break

Fig. 5.8 shows the CAD model of the ﬁnal seal design and ﬁg. 5.9 shows the 3D
printed version of this part.

Fig. 5.8. CAD model of ﬁnal 3D printed seal.
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Fig. 5.9. Final 3D printed seal.

5.3.2

Integrated Gate-Seal-Cover Assembly

The next step was to make a print to integrate the gate-seal-cover assembly into
one piece. The need for this arose from the non-uniform cross-sectional area of the
gate, which made it nearly impossible to ﬁt the lip seal into it without it breaking.
The idea was to print the lip seal ﬁrst, and then print the gate with the cover attached
to it. When printing the gate, it was possible to print a section ﬁrst, stop the print
process, and then ﬁt the seal into the gate shaft. After this, it was possible to resume
the print job and ﬁnish the gate assembly. In addition, it was possible to place the
cover in this print. The way to do this was to make a CAD drawing with the gate
and the cover connected by a few bridging supports. Fig 5.10 shows a front view of
the gate-seal-cover assembly. Fig. 5.11 and 5.12 show the bottom view and top view,
respectively. Finally, ﬁg. 5.13 shows the ﬁnal 3D printed version in durable resin,
which shows the assembly of the three moving parts. This part was initially printed
in clear resin. However, in order to prevent the gate from wearing out after being in
contact with the valve block, this part was printed using durable resin. This created
the necessity to make the clearance between the gate and the cover larger in order
to prevent the durable resin from curing in this section, which would not permit the
linear motion. The necessary clearance with durable resin is noted in Fig. 5.12.
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Fig. 5.10. Front view of gate-seal-cover assembly.

Fig. 5.11. Bottom view of gate-seal-cover assembly.

Gate Shaft Diameter: 3. 5 mm
Cover Hole Diameter: 4.8 mm

Fig. 5.12. Bottom view of gate-seal-cover assembly.
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Fig. 5.13. Gate-seal-cover result.

Gate-Fluid Channel Interference
Initially, the shape of the gate was designed to match that of the ﬂuid channel.
This way, the gate would sit exactly around the diameter of the ﬂuid channel. Unfortunately, due to poor 3D-printing tolerances this resulted in a large amount of leakage.
In order to avoid this, the idea was to overlap the gate shape with the ﬂuid channel
in order to maximize sealing. The following schematic shows this overlapping. Note
that the black circle represents the ﬂuid channel while the blue section represents the
gate proﬁle.

9.5 mm diameter
5.7 mm diameter

5.9 111111 length

Fig. 5.14. Gate-ﬂuid channel overlapping schematic.
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5.3.3

Valve Block

Initially, the intent was to print this part in the Form 2 printer. The existence of
threads in this part and the need for good tolerances in the ﬂuid channels and in the
gate seats made this part not compatible with FDM printing technology. However,
due to the large size of this part it was not possible to print a full prototype using
the Form 2 printer. The next step was to use the Objet printer since this machine
should allow for this larger size. Two prototypes were printed, but neither one of
them provided the right resolution. In the ﬁrst prototype, the opening section for the
bottom gate could not be fully resolved during the printing process. As shown in ﬁg.
5.15, this section had a very irregular shape, making it impossible to insert the gate
assembly into it.

Fig. 5.15. Result of printing the valve block in the Objet printer the ﬁrst time.
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A new attempt to use this printer to make this part translated into even worse
results that can be observed in ﬁg. 5.16.

Fig. 5.16. Result of printing the valve block in the Objet printer the second time.

Since neither one of the stereolithography printers provided good results, the last
alternative was to print this part using the Luzbot Taz 6, which is the highest resolution FDM printer available. Since the threads could not be resolved using this printer,
the three gate assemblies were sealed against the valve block by using SugruTM glue.
The results of assembling this valve block to the gate assembly are shown in ﬁgures
5.17 and 5.18. This resulted in a working valve that could be opened and closed by
using servos.
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Fig. 5.17. Gate valve assembly after printing the valve block in the Lulzbot Taz6.

Fig. 5.18. Gate valve assembly after printing the valve block in the Lulzbot Taz6.
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5.4

Preliminary Testing
During this test, the oriﬁce channel the pump to the tank (upper channel) was

left open, while the channel connecting the pump to the steering system (one of the
straight channels) was left closed. The goal of this test was to observe that under
these conditions ﬂuid actually traveled to the tank as it was intended. Since the static
head due to the height diﬀerence is acting against ﬂuid traveling in this direction,
this is the most critical conﬁguration and therefore it had to be tested. As one can
see in Fig. 5.19, the ﬂuid is leaving in the direction that it was intended.

Fig. 5.19. Preliminary testing in gate valve assembly.
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6. SOFT ACTUATORS: DESIGN, 3D PRINTING AND
TESTING
The pump and the gate valve system have been discussed in the previous sections. The
next step is to lay the foundation for the actuation systems. Two forklift tasks need a
linear actuation component: the steering and the lift functions. The steering system
will consists of 2 actuators coupled to a directional control valve. The lift system
consists of two vertically positioned actuators able to lift a mass. This chapter is
devoted to explaining the process aimed to making these actuators using AM. This
section showcases the three diﬀerent methods attempted to 3D print linear actuators.
The ﬁrst approach involved 3D-printing a piston-cylinder assembly using SLS, the
second one consisted on directly printing a bellows-type actuator using this same
SLS 3D-printer (as well as the DLP printer to a lesser extent), and the ﬁnal method
involved making a mold using FDM to cast a silicone-rubber mix for fabricating a
soft actuator.

6.1

Objectives
The speciﬁc objectives of this section are:
• To explore previous work showing how AM has been used to obtain actuators
in the past
• To determine the appropriate 3D printing methodologies and materials to obtain
actuators that can meet the lift and steering demands
• To develop a test system and provide means to characterize these actuators
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6.2

Method I: Piston-Cylinder Assembly via Stereolithography
Piston-cylinder assemblies are typically seen in industry when using traditional

manufacturing methods [19]. However, the tight tolerances associated with these
parts are a challenge in 3D printed components. The circular shape of the actuator
makes this even more challenging, since the digital nature of the 3D printing ﬁles
creates a discretized polygon shape rather than an actual, smooth circle [20]. This
makes it very hard to achieve a proper compromise between friction and sealing when
performing linear actuation. An initial attempt to print a piston-cylinder assembly
was made. This involved making 3 pieces: a piston, a cylinder, and a seal in between.
These parts were 3D printed via SLS in the Form 2 3D-printer. A well sealed actuator was obtained at the right dimensions. However, the friction involved in these
circumstances seemed too high and at this point it was decided to look for other
alternatives.

Fig. 6.1. 3D-printed piston-cylinder assembly via SLS.

In the interest of reducing friction and leakage, the most obvious alternative was
to design and print a bellows-like structure that could be actuated where all ﬂuid
could be enclosed within a speciﬁc volume. First, the state-of-the-art technology in
printing methodology is presented.
Many researchers have taken the approach of constructing a certain type of bellows
actuator. Slightam and Gervasi [20] mentioned the diﬃculties related to 3D printing a
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piston-cylinder assembly and suggested the use of a diaphragms or bellows-type actuator. They deﬁned solid state actuators (SSA) as single, multi-functional components
made of diaphragms, bellows, springs, etc. [20]. They present a static model of the
diaphragm based on a standard linear spring model and a dynamic characterization
based on a Kelvin-Voigt model. An example of the corrugated diaphragm actuators
they developed is shown in ﬁgure 6.2.

Fig. 6.2. Corrugated diaphragm concept presented in [20].

Another example can be seen in the previously discussed “printable hydraulics”
project by MacCurdy et al [7]. The robot they printed using solid and liquid materials
presented six bellows-actuated legs. They presented a Von-Mises stress analysis for a
cross section of the bellows as well as a correlation between lead capabilities vs. the
compression length of the actuators. Peele et al. [8] also developed a soft pneumatic
actuator using a bellows structure via a digital projection stereolithography (DMPSL) process. They split the internal chamber of their actuator into four in order to
have a higher degree of ﬂexibility over their actuation direction. The type of actuation
obtained in their work is shown in ﬁgure 1.5.
In this work, the method consisting of directly 3D-printing a bellows structure
using stereolithography was was considered based on the experienced problems in
making a piston-cylinder assembly and analyzing the previous work available in the
literature.
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6.3

Method II: Bellows Actuator Printing via Stereolithography
Fig. 6.3 shows the initial idea for the actuator shape. The idea was to start with

a generic actuator shape until a working actuator was obtained with the appropriate
durability and stiﬀness. Once a working actuator prototype proving the operating
principle was developed, the next step would be to perform an iterative process with
the actuator shape to meet the speciﬁc needs of the steering and lift demands.

Fig. 6.3. CAD model and 3D printed version of a bellows actuator.

The print shown in ﬁg. 6.3 was carried out in the Form 2 printer. The main
reason behind the choice of the printer was the wide range of materials available
in this printer. First, a model was printed using ﬂexible resin only. Printing this
hollow bellows actuator was viable, and the print resolution was good. However,
once the actuator was printed, it broke very quickly, so the use of this material was
revisited. Next, a new mix involving 50% clear resin and 50% ﬂexible resin was
created. A new actuator was printed with improved resistance to wear. In order to
be able to 3D print a bellows actuator that can meet the required functions, it was
necessary to make a component that could stretch suﬃciently to meet the required
stroke without breaking. Therefore, it was necessary to ﬁnd out which material
provided the best compromise. Using a higher percentage of ﬂexible material will
result in a longer stroke while using a higher percentage of rigid material resulted
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in better durability. Figures 6.4 and 6.5 showcase the diﬀerent compression lengths
associated with diﬀerent material mixtures. Figure 6.4 shows a bellows actuator with
50% ﬂexible resin and 50% clear resin, and Figure 6.5 shows an actuator with 75%
ﬂexible resin and 25% clear resin.

(a)

Actuator

before

compression.

(b) Actuator after
compression.

Fig. 6.4. Bellows actuator with 50% ﬂexible resin and 50% clear resin.

(a) Actuator
compression.

before

(b) Actuator after
compression.

Fig. 6.5. Bellows actuator with 75% ﬂexible resin and 25% clear resin.
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Due to the Form 2’s material calibrations and the complexity of the geometry
involved, it was necessary to ﬁnd the right 3D printing parameters for which it was
possible to 3D print a reliable bellows actuator. The following factors must be considered in regards to the print parameters: Support Point Size, Support Density,
Internal Support, Print Location in Build Head, and Print Orientation. In addition,
the following geometric parameters must be analyzed also: Wall Thickness, Number
of Bellows, Bellow Diameter, Bellows Height. Four iterations were done in order to
respond all the above questions by 3D printing an actuator. Table 6.1 shows the
diﬀerent parameter iterations:
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Table 6.1.
Print parameters in SLS-printed bellows actuator models A-D.
Parameter
Support Point

Models
Model A

Model B

Model C

Model D

0.3 mm

0.3 mm

0.3 mm

2.2 mm

0.5

0.5

0.5

1.0

No supports

No supports

Yes

Yes

Center

Center

Center

Center

Size
Support
Density
Internal
Support
Print
Location
20 degree
Print

Horizontal

Horizontal

Horizontal

Orientation

from
horizontal
plane

Wall

0.4 mm

1 mm

1 mm

0.7 mm

12

12

8

2

24 mm

24 mm

20 mm

24 mm

1.6 mm

1.6 mm

3 mm

1.6 mm

Thickness
Number of
Bellows
Bellow
Diameter
Bellows
Height

Unfortunately, none of these models accomplished the necessary functionality well.
The issues associated with each model are summarized below.
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• Model A: As shown in ﬁgure 6.7, this structure could be easily broken since the
wall was too thin. The next step was to increase the wall thickness from 0.4
mm to 1 mm.

Fig. 6.6. Model A CAD representation.

Fig. 6.7. Model A breaking issues.

• Model B: The print job fell oﬀ from the platform halfway through the process.
The thicker walls were the reason why this structure was heavier and it fell due
to a weaker support structure. Internal support materials was assumed to solve
this issue.
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Fig. 6.8. Model B CAD representation.

Fig. 6.9. Model B breaking issues.

• Model C: The wall in this structure may not have been thick enough to provide
enough rigidity and the height of each bellow was too high and made it easier
for this section to break.

Fig. 6.10. Model C CAD representation.
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Fig. 6.11. Model C breaking issues.

• Model D: Tall, thin features were harder to print because the material naturally
ﬂexed during the peel process. This part broke after little manipulation also.

Fig. 6.12. Model C CAD representation.

Fig. 6.13. Model C breaking issues.

A new alternative was found by printing with the Ember printer. Even though
this printer was not originally meant to deal with ﬂexible resin, the printing ﬂexibility
given by the multiple user parameters that one can import, made it possible to perform some print iterations and “tune in” this 3D printer and be able to produce this
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type of actuator. Table 4.5 displays the right print parameters to make a successful
ﬂexible print in the Ember. With this parameters it was possible to print an actuator
model with the characteristics shown in Table 6.2.
Table 6.2.
Features of the soft actuator printed on the Ember.
-

Models

Parameter

Model A

Support Point Size

Automatic

Support Density

Automatic

Internal Support

Yes

Print Location

Center

Print Orientation

Vertical

Wall Thickness

1.2 mm

Number of Bellows

7

Bellow Diameter

24 mm

Bellows Height

1.6 mm

Unfortunately, the result was too rigid at the beginning in order to achieve a
proper actuation. On top of this, the actuator broke after a few actuation cycles.

Fig. 6.14. Model A (Ember) CAD representation.
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Fig. 6.15. Model A (Ember) breaking issues.

This proved that it is very complicated to 3D print an actuator that would provide
a good actuation motion while not breaking by using this ﬂexible material. The author
attempted to reach out to 3D printing companies and other experts, however they
highlighted how diﬃcult it would be to obtain the the desired actuation given the
available printers and materials. It is important to note that other authors have
been able to obtain similar actuators using other type of materials and 3D printers.
Therefore, this may still be possible. However, given the speciﬁc load and stroke
demands, it seemed nearly impossible to obtain these actuators using the available
3D printers and materials. Hence, a new alternative was explored.

6.4

Method III: Silicone Actuator Model via FDM
The next approach involved printing a mold and using Ecoﬂex

R

00-30 to cast

it. The research on characterization of this type of soft actuators is very limited in
the literature. The next section will explore previous work in this ﬁeld. This section
will be split into two. The ﬁrst part will look at previous analytical and numerical
work, while the second part will look at experimental work. The main scope of this
work will be experimental. However, it is also interesting to look at the analytical and
numerical work that has been done in order to provide means for the future validation
of the obtained experimental results.
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6.4.1

Literature Review Based on Analytical and Numerical Work

Kramer, White, and Case, derived a time-dependent viscoelastic creep for elastomers based on the Burgers model and the Zener model [22]. However, this model is
dependent on experimental data to solve for some of the constants. They used three
types of tests for experimental characterization: pull-to-failure tests, cyclic loading
tests, and stress relaxation tests. The data presented in this paper highlights the
need to account for strain range when using the Young’s modulus of a material. This
paper also warns the fabricator of soft robotics to be mindful of the dependence of
the properties of the material based on the diﬀerent batches of a particular specimen,
and provides this as an explanation for why the published data is so inconsistent [22].
They also recommend to consider the eﬀect of pre-strain when analyzing soft actuators, as this has shown to have an eﬀect in the ﬁnal properties of the specimens.
These tests also showed no variation of material properties in the ﬁrst 10 cycles and
little to no hysteresis. Figures 6.16 and 6.17 show the steady-state and dynamic
R

characteristics of Ecoﬂex

C

00-30 specimens.
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Fig. 6.16. Stress-strain results for Ecoﬂex
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presented in [22].
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presented in [22].

A static model of a pneumatic ﬁber-reinforced cylindrical muscle using the method
of virtual work was developed by [25]. This work establishes a relation between
contraction force, internal pressure, and geometric properties of the muscle. They
also show an experimental setup used to measure these values and compare them to
theoretical results, showing an overall agreement amongst them. Dynamic tests were
also carried out in this work, and the presence of hysteresis was explained.
The stiﬀness variability is also an interesting feature of this type of material which,
along with the use of ﬁbers in the fabricating process, could help control the actuating
direction. In [26], it is possible to ﬁnd an example of this. In this work, the authors
present a novel fabrication technique using adjustable stiﬀness layers (ASLs) where a
single chamber drives diﬀerent modes of actuation. This is accomplished by activating
diﬀerent combinations of ASLs thanks to the use of customized micro heaters and
thermistors for controlling temperature and stiﬀness, as shown in Figure 6.18 .

90

No activation

K ASL1

Activation of
mode A

Actuation of
mode C

KASL 1

KASL 1

Activation of
modeB

<
KASL2

KASL2

Fig. 6.18. Actuator with one chamber and two ASLs, as presented in [26].

The presence of shear and bending stresses due to the actuator shape (which will be
discussed later on) involves a complicated analytical model. Therefore, the approach
taken in this work was experimental. The next section discusses the experimental
work done in this area by other researchers.

6.4.2

Literature Review Based on Experimental Work

Belforte et al. showcased some of the applications of soft robotics for rehabilitation
equipment [23]. In this paper, actuators were tested to compare performance during
contraction or expansion while varying muscle supply pressure and applied load. The
three measured parameters were supply pressure, change in length, and applied loads,
and each test was conducted by maintaining one of the three parameters constant and
determining the relationship between the other two. Speciﬁcally, tests were carried
out to determine the change in length occurring while varying pressure (with constant
load), and the change in the force produced by the actuator while varying pressure,
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with the actuator blocked at a a constant length. It will be possible to compare the
results obtained in this work against their “textile muscles”, which are based on a
combination of deformable gas-tight tube and anisotropic fabric [23]. Fig. 6.19 shows
the length vs. pressure results. Note that this type of tests would be very helpful for
the speciﬁc steering and lift demands of the project as well, since this would allow to
fully display the pressure needs given a speciﬁc stroke demand. As showed in Figure
6.19, the lower and upper curves do not coincide, and hence hysteresis is present.
This would be due to friction between the actuator and the casing as explained by
Chau and Hannaford in [27].
Figure 10. Length-pressure tests on a textile muscle.
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The results obtained in [29] can also be employed as reliable baseline results.
This paper developed ﬁber-reinforced actuators which, after testing over 1200 cycles,
showed no Mullins eﬀect, which means that these actuators oﬀered great repeatability improvement over previously designed prototypes. These results were based on
experiments and numerical methods, with close agreement amongst them.
The wide amount of existing work in this area suggests that it will be possible
to use soft materials to create soft actuators that can meet the steering and lift
demands. The idea was to use FDM to 3D print the molds that would be used
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to cast such material. The following section shows the steps necessary to create a
working actuator. Once this was complete, the next step was to characterize the
actuators via experimental testing.

6.4.3

Material Selection

Several commercial silicones are available in the market at a fairly inexpensive
price. The material selection was done based on the recommendations provided by
other authors, namely the ones presented by Agarwal et al. in [29]. This paper
studied the use of Ecoﬂex
and Dragonskin

R

R

00-10, Ecoﬂex

R

00-20, Ecoﬂex

. According to this work, Ecoﬂex

R

R

00-30, Elastosil

00-10 and Ecoﬂex

R

R

,

00-20 were

not robust enough (unable to maintain pressures of up to 50 kPa without breaking
or leaking) when compared to Ecoﬂex
Dragonskin

R

R

00-30. Also, the use of Elastosil

R

, and

required higher pressures to begin actuation (greater than 85 kPa),

and they seemed to be too stiﬀ [29]. For the reasons mentioned above, Ecoﬂex

R

00-30 was used. In addition, this material was fully characterized by [22], and these
results could be used as reference for the experimental work.
Fiber Reinforcement: Diﬀerent investigators have suggested the use of ﬁbers
to enhance the actuator properties. These ﬁbers could help reinforce the actuator in
order to sustain higher pressures and/or loads and they could also guide the actuation
in a certain direction. Agarwal et al. showed the spectrum in which ﬁber-reinforced
actuators work best in terms of maximum blocked force and maximum actuator dimensions [29]. Fig. 6.20 shows the biomedical applications of many of these soft
actuators and gives a good reference for the type of actuator which is recommended
for any given application. These ﬁbers were not included in the actuator design shown
in this work but they may be considered for any future improvements in this work.
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Fig. 6.20. Max. blocked force vs. actuator size at 50 kPa input pressure [29].

6.4.4

Mold Making

In order to make the mold, the Makerbot 3D printer was used. The ﬁrst actuator
mold consisted of three pieces showed in the ﬁg. 6.21.

Fig. 6.21. First 3D printed molds.
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Once the pieces were printed, it was possible to make a 50/50 mix of Ecoﬂex

R

00-30 and inserted into the ﬁrst two clamped pieces as shown in ﬁg. 6.22.

Fig. 6.22. First task during silicone casting.

The mix was left to cure for about 4 hours. Once it was dry, it was removed
carefully from the mold. After doing that, it was possible to insert the silicone in
the top section, as shown in the ﬁg. 6.23. This top section was then attached to the
material that had been cured from the ﬁrst task. Once this second section was cured,
it was removed from the mold and therefore the actuator was completed.

Fig. 6.23. Second task during silicone casting.

Finally, a tube of a 0.25 inches of internal diameter was connected to the actuator.
Some extra silicone was added to make sure that this section was well-sealed. The
ﬁnal prototype of the actuator is shown in the ﬁg. 6.24.
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Fig. 6.24. Finished ﬁrst-iteration soft actuator.

6.4.5

Actuator Geometry

Unlike many other cylindrical actuators, the cross section of this soft actuator
was quadrilateral. The idea behind this was to avoid radial expansion and maximize
uniaxial actuation properties. This would result into minimal friction between the
actuator and the housing around it. Two diﬀerent actuator molds were attempted
in order to test the optimal size. The objective was to obtain an actuator large and
thick enough so that it could sustain a certain input pressure and output force, but
small enough so that it was compact within the forklift structure. The following
geometrical parameters were considered and are presented in Table 6.3. Note that
Models A and B correspond to the initial actuator design for the steering system and
Models C and D were designed for the lift actuation. The objective was to obtain a
high force, low stroke prototype for the steering demand and a low force, high stroke
prototype for the lift mechanism. Fig. 6.25 identiﬁes the parameters from Table 6.3
in a cut section of the actuator design. Note that the front and back wall thicknesses
could not be captured in this two-dimensional geometry. These correspond to the
thickness of the front and back actuator covers.
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Table 6.3.
Actuator geometry iterations.
-

Models (Dimensions in cm)

Parameter

Model A

Model B

Model C

Model D

Length

7.6

9

8.6

8.6

Width

3

2.85

2.6

2.6

Front/back wall thickness

0.2

0.3

0.25

0.25

Lateral wall thickness

0.15

0.4

0.25

0.25

Top and bottom wall thickness

0.15

0.45

0.35

0.35

Pleat wall thickness

0.1

0.15

0.1

0.15

Pleat length

1.7

1.7

1.7

1.7

Pleat width

0.6

0.8

0.75

0.75

Amount of Pleats

10

10

16

16

Lateral wall thickness

Pleat wall thickness
Bottom wall thickness

Width
# of pleats

...

Pleat width
Length

Fig. 6.25. Actuator geometry.
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Model A was tested ﬁrst. However, due to the thin walls of this actuator it was
observed that the silicone started to wear out and break after a few actuations. Since
it was critical to obtain a reliable actuator, this had to be ﬁxed. With this in mind,
Model B was created with increased front, back, lateral and wall thicknesses. This
new prototype worked well even after many actuation cycles. Similarly, Model C was
too fragile and some of its features were enhanced, resulting in a working prototype
as shown in Model D. These iterations showed that, when making similar actuators
in the future, the following geometrical constraints should be followed:
• Minimum front, back, and lateral wall thicknesses of 0.25 cm
• Minimum pleat wall thickness of 0.15 cm
• Total length, width, and amount of pleats are subject to change depending on
the desired application
Therefore, Models B and D show to the geometric parameters of the steering and
lift actuators, respectively. Note that these are estimated geometries and they are
subject to change once the steering and lift mechanisms are sized in chapters 7 and
8. A few more guidelines in regards to the eﬀect of the geometry in the actuator
performance can be provided:
• Thicker wall thicknesses will improve the durability of the actuator and its
ability to sustain higher pressures and/or loads. However, these thicker walls
will also translate into a greater resistance to actuation and hence a shorter
stroke
• Longer pleat lengths will enhance the amount of stroke the actuator can provide
• A larger amount of pleats will also translate into a higher degree of actuation
• The thickness of the top and bottom walls have negligible eﬀects in the actuator
performance and therefore these can be changed freely
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6.4.6

Use of a Soluble Core

New issues arose after testing the actuators, as one of the sides started detaching
from the rest of the structure. Precisely, the one side that was made during the second
step in the casting process started to detach. This was due to a poor alignment of the
silicone during casting in the second step. This alignment was diﬃcult to control and
was not free of errors. A new alternative to solve this issue was to make the pouring
process in one single step. To do this, it was possible to make a soluble actuator core
(using existing soluble ﬁlament), and then pour all the silicone in one step. After
this, the core inside the actuator could be dissolved. The process to make these now
actuators is outlined in ﬁgures 6.26 and 6.27. Fig. 6.26 shows the assembly of the two
parts of the shell and the actuator core and ﬁg. 6.27 shows the result of the assembly
before the silicone is poured through the ﬁve diﬀerent holes.

Fig. 6.26. Finished ﬁrst-iteration soft actuator.
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Fig. 6.27. Finished ﬁrst-iteration soft actuator.

This section explores the use of two types of soluble ﬁlament: High Impact
Polysterene (HIPS) and Polyvinil Alcohol (PVA).
D-Limonene Soluble Filament: HIPS: Initially, it was attempted to use a
HIPS ﬁlament. Unfortunately, the HIPS dissolvable core proved to be unacceptable
due to a reaction between the solvent, d-limonene, and the silicone actuator.
A core made of HIPS this size requires approximately 8 hours to dissolve but after
only 1 hour the silicone showed serious signs of distress, as shown in ﬁg. 6.28. The
actuator absorbed the solvent, it expanded, and became very soft.

Fig. 6.28. Eﬀect of d-limonene reaction with the silicone after 1 hour.

For the next 24 hours, only a small amount of HIPS got dissolved. This showed
that this type of material would take very long to dissolve. This, in addition to the
negative reaction between the silicone and the solvent, proved that this may be a
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poor methodology to carry out. Fig. 6.29 shows the appearance of the actuator
after resting in d-limonene for 24 hours. The silicone actuator returned to its original
shape over the next week. To further investigate how silicone reacts to limonene, a
previously made, non-functioning actuator was partially submerged in d-limonene for
24 hours. The actuator increased in size almost 2 times and it was extremely soft.

Fig. 6.29. Silicone actuator results after resting in d-limonene for 24 hours.

The silicone was so soft that it broke in several places while being hand dried. Over
the next few weeks the actuator dried in the open air, shrank back to its original size
and continued shrinking leaving a tougher, white end of the actuator. The results of
this are shown in 6.30

Fig. 6.30. Silicone actuator results after resting out in the open for 24 hours.

After this reaction, it was decided that the HIPS dissolvable core and the limonene
solvent either needed to be replaced or re-engineered. Possible redesign ideas included
putting a ﬁlm around the core to keep the limonene from contacting the silicone.
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Another possibility was to look for other ﬁlaments that would dissolve in the presence
of a non-reactive ﬂuid (e.g: water). This last alternative ended up working out well.
Water-Soluble Filament: After researching for more dissolvable ﬁlaments, PVA
was decided on because it is water soluble. This allowed the current core design to
be dissolved and removed without any reaction between the solvent (water) and the
silicone. Using a water soluble ﬁlament also removed the need for a fume hood to
dissolve the core. Initial tests showed that the 3D-printed core was signiﬁcantly
softer within the ﬁrst 2 hours of being submerged in water. After 24 hours the core
was completely dissolved leaving a sticky, white residue at the bottom of the water
container. Fig. 6.31 shows the PVA ﬁlament during the solving process.

Fig. 6.31. PVA ﬁlament during the solving process.

Two similar PVA cores were tested. Both have the same geometry and are used in
the same mold to create similar actuators, the only diﬀerence being the thickness of
the actuator walls. The larger core produced wall thickness of 1.5 mm. The thinner
walls tore easily during the extraction of the actuator and were increased to 2.0 mm.
The limiting factor for the actuator wall thickness was the width of the core. By
increasing the wall thickness to 2 mm, the width of the core was decreased to 1 mm
which presented problems during printing. The core was no longer thick enough for
the printer to print on top and instead left the outside walls of the core and the inside
exposed as seen in ﬁg. 6.32
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Fig. 6.32. Cross section of cavities in PVA mold.

As a result, silicone was able to cure inside the core, eﬀectively sealing oﬀ the
separate bellows and making the core impossible to remove. Fig. 6.33 shows where
the silicone ﬁlled in, highlighted in red, and where the core left a cavity, highlighted
in blue.

Fig. 6.33. Actuator resulted from the use of a core with cavities.

In spite of the fact that this actuator could be dissolved in water, this was a time
consuming process. Since only a small portion of the core was in direct contact with
water at a time, it took a long time for the water to reach the entire structure and
dissolve it. In the interest of time, it was decided to make a few changes to the
geometry. This involved making shorter pleats so that a stream of water could cut
straight through the length of the actuator. However, this reduced the plate length
which sacriﬁced some of the actuator stroke. In addition, two holes were placed at
each actuator end. This would allow the core to start dissolving in both actuator
sides. Fig 6.34 shows a sketch of the new actuator geometry and ﬁg. 6.35 shows the
3D printed mold and core for this new design.
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Fig. 6.34. Sketch showing new actuator geometry.

Fig. 6.35. New actuator geometry.

In order to speed up the process even further, it was possible to use an ultrasonic
cleaner. This machine heats up water and produces vibrations, two main factors
contributing to speeding up the process of core solving. It was possible to dissolve
the core by leaving an actuator in this machine over a period of approximately 2
hours. This machine is shown in ﬁg. 6.36.

Fig. 6.36. Ultrasonic cleaner.
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This ﬁnalizes the actuator making process. At this point, it was possible to create
reliable actuators that met the design requirements. The next section will discuss the
experimental characterization.

6.5

Experimental Actuator Characterization
The next step was to develop a method to experimentally characterize these actu-

ators. The objective of this was to have a way to ﬁnd for which actuator geometries
the speciﬁc actuator demands could be met. Since these actuators will be used in the
steering and lift systems, the following questions are of interest:
• How much load can the actuator sustain? What is the input pressure required
to carry such load?
• What is the stroke of the actuator under the speciﬁc load and pressure conditions?
• How fast does actuation occur?
In the interest of answering the above questions, the following parameters must
be found in this study:
• Pressure in the actuator chamber
• Load carried by the actuator
• Actuator displacement
• Speed of actuation
The actuator velocity can be derived from the displacement, so a position sensor can be used to obtain both quantities. Pressure must be sensed via a pressure
transducer. As far as the force, it was expected that the actuator was subjected to
constant loads, so known weights were used for this function.
Fig. 6.37 shows a schematic representation of the test setup implemented in the
lab to conduct performance tests.
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Fig. 6.37. Schematic representation of test diagram.

The following equipment was used for these measurements:
•Manual Air Regulator: Adjusted the air inlet by opening/closing a BOSCH 0821300
air regulator with a ﬁlter.
•Proportional Flow Control Valve: Proportionair 2-20 SCFH ﬂow control valve
which was used to program the input ﬂow pattern to the actuator.
•Position Sensor: Used SHARP GP2Y0A02YK0F distance measuring sensor unit.
This is an infrared sensor that outputs analog data that varies with position
shown in ﬁg. 6.38:
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Fig. 6.38. Position sensor voltage vs position calibration curve.

•Pressure Transmitter: Used to obtain analog data regarding inlet pressure value
from a low-range pressure transducer able to capture the low pressure required
to actuate system. This component was a WIKA 50426354 transmitter. This
sensor oﬀers the possibility to obtain pressure measurements using a current (2wire) or voltage (3-wire) signal output. In this case, it was possible to assemble
the 2-wire conﬁguration with a resistor in line of the positive signal to measure
voltage across the resistor. The input supply voltage to the sensor must be
between 14-30 VDC. The signal output is between 4 and 20 mA, therefore this
is the value that will vary linearly and translate into a pressure value from 0 o
15 psi (e.g: 4 mA corresponds to 0 psi while 20 mA corresponds to 20 psi).
•NI USB 6221 DAQ: This was used to send and receive voltage signals. This data
acquisition card sent a valve command to the ﬂow control valve. In addition,
the DAQ received voltage signals corresponding to pressure, position, and valve
opening.
Fig. 6.39 shows the electronics diagram necessary to carry out these tests.
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Fig. 6.39. Electronics diagram used to carry out tests.

•Actuator conﬁnement, linear bearing and load carrier: An FDM 3D printed
structure was used to guide the linear actuation. 3D printed linear bearing and
platform connected the actuator to the load cell rigidly. Fig. 6.40 represents
this assembly.

Fig. 6.40. Actuator conﬁnement.
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Fig. 6.41 displays the experimental setup.

Pressure transmitter

Actuator and actuator
confinement
Electronics circuit
Position sensor
Voltage supply

Fig. 6.41. Soft actuator experimental setup.

Table 6.4 represents the diﬀerent variables that must be measured and the devices
employed to measure them.
Table 6.4.
Soft actuators test equipment
Device

Model Name

Pressure Transducer Honeywell LM/2345-08
Position

SHARP

Sensor

GP2Y0A02YK0F

Proportionair
FQPV2

ProportionairFQPV2

Accuracy

Range

0.5 %

0-15 psig

Not Given

20-150 cm

4%

2-20 SCFH
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Test Conditions
• Pressure Level: The pressure range is between 0 and 15 psi. The maximum
pressure value is set by the pressure transducer, as 15 psi is the maximum
operating pressure that this transducer can handle. In addition, any pressure
value beyond this value would pop the actuator.
• Temperature: Tests were conducted at room temperature, this is, 70◦ Fahrenheit.
• Sampling Frequency: Initial sampling frequency was established at 10 samples
per second.
• Filtering: In order to ﬁlter the data, a moving-average ﬁlter was implemented
as shown in [30]. Note that the sampling frequency and the ﬁltering may be
subject to change once more dynamic tests are carried out in the future.

6.5.1

Test Objectives

The following are the speciﬁc goals of the actuator characterization.
•Geometry and Dimensions: Provide speciﬁcs on the diﬀerent types of geometries and how they are suited for speciﬁc tasks. In addition, specify the actuation dimensions and how they aﬀect the ﬁnal outcome.
•Uniaxial Properties: The objective is to make sure that the actuation happens
in a single axis only and only a small amount of radial expansion is observed.
•Stiﬀness: It will be critical to specify the material stiﬀness and how it aﬀects the
ﬁnal actuation outcome. This will also be useful when sizing equipment for
a speciﬁc task, as this provides another source of pressure loss that must be
accounted for.
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•Pressure vs. Stroke, Stroke vs. Time: For a constant load value, record pressure versus displacement and capture time in order to ﬁnd velocity of actuation
as well. This data is useful because it will resemble the forklift demands where
the load is constant (in both lift and steering operations) and it is necessary to
ﬁnd the pressure and stroke relationship.
•Pressure Threshold: Determine minimum pressure value for actuation to begin.
•Maximumm Pressure: Find how much pressure the actuator can handle. In the
event that any actuator breaks during testing, record this value and this can be
used as a safety factor then in order to ensure actuator integrity.
•Maximumm Load: Determine what is the maximum load that the actuator can
lift.
•Epsilon vs Pressure: Where epsilon is a parameter relating the stroke to the initial length at atmospheric pressure.

=

lp − lpatm
lpatm

(6.1)

•Hysteresis: Determine the eﬀect of friction and the presence of hysteresis by running full actuation cycles.
•Cyclic Loading: As stated in [22], dynamic properties heavily depend on the actuator itself, and it was recommended to do do speciﬁc tests tailored for a unique
application. Therefore, it is necessary to carry out cyclic tests similar to what
was done in [24]. It is necessary to determine operating pressures for which
actuators remain in a range in which the material maintains its repeatability
properties without damage, as done in [23].
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6.5.2

Preliminary Steady State Tests

Some preliminary tests were carried out in order to make an initial assessment of
the actuator capabilities. These tests were done before having access to the proportional control valve, and therefore the ﬂow had to be controlled manually using the
manual air regulator. These tests were carried out using the schematic shown in ﬁg.
6.42.
Position Sensor

Load

Pressure Transmitter

Compressed Air Source

Soft Actuator
Manual Air Regulator

Fig. 6.42. Schematic representation of test diagram.

For this test, the pressure vs position values were recorded for two diﬀerent load
conﬁgurations (0.5 kg and 1 kg). The idea was regulate the amount of ﬂow increasingly
and decreasingly, which translated into actuation expansion and contraction. Then,
it was possible to plot the pressure vs displacement response, obtaining pressure
recordings every 0.5 cm displacement increments. One of the challenges was to obtain
the desired exact displacement (0.5 cm) for every reading. This was especially diﬃcult
during the return cycle, since gravity was acting in the direction of displacement.
These results are shown in ﬁgures 6.43 and 6.44. The dimensions of the actuator
used for these two tests correspond to those stated in Model B in Table 1.5.
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Pressure vs Displacement (Under I 0.3 N Constant Load)

Displacement (cm)

Fig. 6.43. 1 kg pressure vs displacement analysis.

Pressure vs Displacement (Under 5.4 N Constant Load)

Displacement (cm)

Fig. 6.44. 0.5 kg pressure vs displacement analysis.

The nonlinear stress strain behavior is due to realignment of the cross-links between the polymer chains that happen when a certain strain is present, as discussed
in [28]. Note that these results resemble a typical stress-strain curve for a hyperelastic
as shown in ﬁg. 6.45.
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a

I
E

Fig. 6.45. Typical stress-strain curve for a hyperelastic material obtained from [31].

In addition, due to the friction between the actuator and the cage, there was some
hysteresis present in both tests. These tests proved the following points:
• This actuator was able to lift 0.5 and 1 kg masses without diﬃculties. Since
the lift and steering demands are expected to oﬀer similar loads, this type of
actuators made of this particular material are appropriate.
• The actuator stroke was close to 5 cm. It is not anticipated to need any higher
stroke for either the lift or steering demands.
• As expected, the higher load experiment required a higher pressure value in
order to arrive to the same level of stroke.
• The shape of actuation, as well as the hysteresis, are similar to those presented
by [23] in ﬁg. 6.19. Note that the main diﬀerence in the behavior is due to
the fact that these authors used their actuators as contraction devices while the
ones presented here are used for expansion instead.
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7. HYDROSTATIC STEERING: DESIGN, 3D PRINTING
AND TESTING
Once the soft actuators had been developed, it was possible to integrate them into a
hydrostatic steering system. This system outlined some of the applications of these
actuators and showcased how 3D printing could be used to make a directional control
valve. This chapter discusses the development of this hydrostatic steering system.

7.1

Objectives
The objectives of this section are as follows:

1. Provide the necessary system requirements in order to fulﬁll the steering demands
2. Design a hydrostatic steering system for the forklift
3. Discuss the 3D printing process involved in making a directional control valve
and integrating it with two soft actuators
4. Couple the steering system to the pump and perform tests to assure system
functionality

7.2

System Design
Hydrostatic steering and power steering show an outstanding example of the ap-

plication of hydraulics in the automotive industry [32]. These systems are usually
implemented using hydro-mechanical control [33]. This is a simple control strategy
that could be easily implemented in the presented forklift design. In these systems,
a spool is actuated (for example, by using a servo), and moved to a speciﬁc location
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desired by the user. This allows for ﬂuid to ﬂow in certain direction, which translates
into a rectilinear actuation. Once the desired position is reached, the mechanical feedback link pushes the spool back to the initial position and closes the ﬂuid passage.
An example of a mechanical hydraulic servo valve is shown in Figure 7.1.

OOlPUT -·

•

SllOINC
.,.,. $l,£EVE

rANK

Fig. 7.1. Mechanical hydraulic servo valve shown in [33].

The next step was to use this servo valve concept and translate it into a functional,
3D printed steering system.

7.2.1

Design Methodology:

Next, it was necessary to establish a methodology to design the steering system.
This consisted of the sizing for the actuators as well as the proportional valve. The
following steps were taken in the following order:
1. Specify Steering Requirements
2. Specify Wheel Geometry
3. Calculate Kingpin Torque
4. Determine Cylinder Force and Area
5. Determine Cylinder Stroke
6. Determine Valve Spool Design
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7. Design Valve Control System
8. Assemble System and Perform Experimental Tests
Fig. 7.2 represents the design strategy. Note the need for iterations in the selection
of pump speed and actuator area in order to obtain the optimal steering parameters.
Iteratio11s

Calculate
Select wheel
Calculate
geometry aud ~ kingpin . . . . .
force
torque
radius arm

.....

Select
Select pressure from
pump pressure range . . . . . acmator
area

1

ISelect pump speed

.....

1

Optimize based on
efficiency and size
considerations

RYperiments

Change if demands
are not being met

Fig. 7.2. Representation of steering design strategy.

Specify Steering Requirements: Before designing the steering system, it was
necessary to specify some of the steering parameters, speciﬁcally, the maximum steering angle and the steering time. First, the maximum steering angle was ﬁxed to be
20 degrees, since this provided a reasonable range of steering orientations. A higher
steering degree would have over sized the steering system. In addition, the steering
time, this is, the elapsed time between the beginning of the actuation until the full
actuation is obtained, was constrained to be one second. The reason for this was to
allow enough time for visualization of motion.
Specify Wheel Geometry: Further calculations required the wheel radius and
tire width to be known. Therefore, it was necessary to specify the wheel design early
on. The selected wheels were omni-directional, as shown in ﬁg. 7.3. This minimized
the frictional force during steering.
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Fig. 7.3. 3.75” omni-directional Vex wheel.

Calculate Kingpin Torque and Kingpin Oﬀset: The steering pivot of automotive applications is typically referred to as kingpin [35]. It was necessary to
ﬁrst ﬁnd the torque required at the kingpin in order to obtain the steering force
requirement.

■

Kingpin

Fig. 7.4. Kingpin torque representation.
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Typically, kingpins have a certain inclination in order to increase steering stability
by projecting the line of action of the kingpin closer to the center of the tire [36].

B

Fig. 7.5. Nominal tire width and kingpin oﬀset representation.

The following relation was used to estimate the kingpin torque. This equation
assumes a circular tire print and uses the nominal tire width as diameter [38].
r
Tk = W ∗ µ ∗

B2
+ E2
8

(7.1)

Where W is the weight on steered axis (14.715 N assuming a 3 kg mass), µ is the
static coeﬃcient of friction (assumed to be 0.9), B is the nominal tire width (25 mm
for the selected wheels), and E is the kingpin oﬀset. An oﬀset angle of 10 degree was
used. The total oﬀset distance was 23.7 cm, corresponding to half the tire width plus
the oﬀset between the bottom side of the wheel and the projection of the kingpin in
the horizontal axis. Therefore, the kingpin torque was equal to 0.19 Nm.
Determine Approximate Cylinder Force and Area: Once the kingpin
torque was found the necessary force could be deﬁned as the kingpin torque over
the minimum radius arm:

Fc =

Tk
R

(7.2)

By assuming a cylinder arm of 37.5 mm, the obtained force value was 5.33 N. An
approximate actuator side was estimated to be of 25 mm. Since this corresponded
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to 1.23 psi, this was the minimum pressure that the pump should deliver. Note that
both the necessary actuator force (5.33 N) and the pressure requirement (1.23 psi)
are within the actuator load and pump pressure ranges discussed in chapters 4 and
6, respectively. The width of the actuator’ cross sectional area corresponds to one of
the values subject to further iteration if necessary, as shown in ﬁg. 7.2.
Determine Cylinder Stroke: The cylinder stroke was found graphically considering equipment dimensions as shown in ﬁg. 7.6. This value turned out to be 14
mm. This corresponded to the desired 20 degree angle turn. Since the actuation time
was speciﬁed to be of one second, the actuation velocity was found to be of 0.014
m/s.

14mm

Fig. 7.6. Graphical estimation of steering stroke required for a 20 degree turn.

Determine Valve Type and Specify Dimensions: It was necessary to design
a 4-way servo valve that could connect the pump and the tank to the two actuator
chambers. This design was speciﬁed to be 2-land, although this could be upgraded
to a 3-land in order to minimize leakage and improve static balance if necessary [39]
. This valve was chosen to be be closed-center. Even though this made the ﬂow gain
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proﬁle nonlinear, this minimized internal leakage. Note that this leakage must be
critically avoided due to the 3D printing tolerances. An example of three-land-fourway closed center spool valve is shown in 7.7.
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Fig. 7.7. Three-land-four-way closed center spool valve is shown in [34].

It was important to consider some certain stability requirements, as it was not
desired that small input disturbances caused large oscillations in the load. As stated
in [39], the best way to assure stability is to limit the system gain. In hydromechanical
servo valves, establishing the ﬂow gain is the only way to vary the system loop gain
[39]. Another way to increase stability would be to limit the supply pressure. However,
since the pressure requirements should be determined from the load, and not from the
spool valve design, the focus was in the system gain. According to [39], permissible
ﬂow gain is so small that full periphery ports cannot be used. So this provides the ﬁrst
port sizing requirement. The best way to minimize ﬂow gain was to minimize the area
gradient. According to [39], the use of two to four rectangular ports symmetrically
placed in the spool sleeve periphery is the best way of obtaining low area gradients. In
this case, the area gradient corresponded to the total width of all slots at a particular
oriﬁce. For now, a small rectangular port with a length of 1.83 mm was assumed.
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Next, the valve stroke was considered. Hydromechanical servovales typically employ higher strokes than their electrohydraulic counterparts due to the requirement
for low area gradient and system stability. Longer stroke gives better performance
near null position and provide a better handle of dirty ﬂuids [39]. A few more guidelines for maximum stroke determination are given in [39]. According to this author,
the spool passage areas should be at least four times the maximum oriﬁce areas to
prevent ﬂow saturation and to ensure that the oriﬁce are the controlling restrictions.
π
∗ (d2 − dr 2 ) > 4ωxvm
4

(7.3)

Fig. 7.8 shows what all the above parameters represent in the spool design.

d

Fig. 7.8. Spool valve passages.

Assuming that the rod diameter was half the land diameter it was possible to
obtain the following criterion:

xvm < 0.147

d2
ω

(7.4)
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Assuming a 14 mm land diameter, this maximum stroke was of 15.7 mm. This
value was greater than the maximum stroke that could be accomplished in our system
given by:

xvm =

A
= 1.83mm
ω

(7.5)

Therefore the condition established by [39] to obtain the proper maximum stroke
was met. Next, it was possible to ﬁnd the land length of each of the lands in the spool.
According to [39], the land length should be 11 % longer than the oriﬁce diameter.
Therefore this brought a value of 2.03 mm.
Hydro-Mechanical Control: Once the geometry of the spool was determined,
it was possible to look at the stroke requirements for the servo motor as well as the
necessary sizes for the linkages connecting the servo, the spool, and the actuators. It
was known that the maximum cylinder stroke was of 14 mm. The linkage parameters
were assigned to be 10 and 30 mm for a and b, respectively. Fig. 7.9 show a schematic
of the mechanical feedback system.

/

a

Servo

~
Floating b
Lever

Fig. 7.9. Graphical estimation of servo valve.

By using the relation shown in Eq.7.6, it was possible to ﬁnd a servo stroke value
for which when the piston position was 14 mm, the spool position was 0. This
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guaranteed that the spool was closed again after reaching maximum position in order
to achieve position control.

xv =

b
a
xi −
xp
a+b
a+b

(7.6)

It was found that a 4.667 mm servo actuation would fulﬁll these requirements,
so this was assigned as the linear displacement that the servo motor should provide.
The steering sequence is shown as follows.
Position before any steering occurs: This would correspond to the case where
no steering is demanded. and no servo or actuator movements occur. Fig. 7.10 shows
an example of this positioning.

Floating Link

~

a - 1 cm

Fig. 7.10. Spool, cylinder and servo positioning before any steering occurs.

Servo is actuated to maximum position. Spool is moved to maximum
position. Fluid has not pushed the actuator yet: This part of the sequence
assumed that all servo actuation occurred before the pressure build up has reached
a value high enough to push the cylinders. The spool stroke corresponding to this
servo actuation was equal to 3.5 mm
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Servo stroke: 0.4667 cm

Fig. 7.11. Spool, cylinder and servo positioning after servo actuation.

Cylinder reaches maximum position and moves the spool to close the
valve: For this servo input conﬁguration, the valve is closed again once the full 14
mm stroke has been fulﬁlled.

Fig. 7.12. Spool, cylinder and servo positioning after hydraulic actuation.

This concluded the design process of the steering system. Table 7.1 summarizes
all the steering requirements. The next step was to 3D print this system.
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Table 7.1.
Steering system requirements.

7.3

Parameter

Value

Maximum Actuator Length

100 mm

Minimum Actuator Length

50 mm

Max. Cross Sectional Area

5 x 5 cm (minimize when possible)

Stroke

14 mm

Speed of Operation

0.14 mm/s

Load

5.33 N

Conﬁguration

Single actuators or multiple in parallel

Valve Type

4-way, 2-land, closed-center

Oriﬁce Diameter

10 mm

Port Shape

Rectangular

Maximum Stroke

1.83 mm

Land Length

2.03 mm

Rod Diameter

7 mm

Land Diameter

14 mm

3D Printing Process
Table 7.3 outlines the diﬀerent parts involved in this assembly and how they were

3D printed. The subsections following this table summarize the 3D printing process
of each individual part.
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Table 7.2.
Items in steering assembly.
Part
Valve Block - Two Halves

Spool

Kingpin Hardware

Threaded Pin Kingpin

Wheel - Kingpin Connector

Servo Motor Crank

Lever Servo Connector

Wheel Rigid Connection

Piston

Floating Lever

Lever and Spool Connector

Piston and Kingpin connector

Servo Housing

3D Printer

Reason

Stratasys

Large size,

Objet

high resolution

Autodesk

Small size,

Ember

high resolution

Autodesk

Small size,

Ember

high resolution

Autodesk

Small size,

Ember

high resolution

Autodesk

Small size,

Ember

high resolution

Autodesk

Small size,

Ember

high resolution

Autodesk

Small size,

Ember

high resolution

Makerbot

Mechanical

Replicator

connection:

Makerbot

Mechanical

Replicator

connection

Makerbot

Mechanical

Replicator

connection

Makerbot

Mechanical

Replicator

connection

Makerbot

Mechanical

Replicator

connection

Makerbot

Mechanical

Replicator

connection
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Table 7.3.
Items in steering assembly.
Part

3D Printer/Purchased

Reason

Valve Block - Bottom Half

Stratasys Objet

Large size, high resolution

Valve Block - Top Half

Stratasys Objet

Large size, high resolution

Spool

Autodesk Ember

Small size, high resolution

Kingpin Hardware

Autodesk Ember

Small size, high resolution

Threaded Pin Kingpin

Autodesk Ember

Small size, high resolution

Wheel - Kingpin Connector

Autodesk Ember

Small size, high resolution

Servo Motor Crank

Autodesk Ember

Small size, high resolution

Lever Servo Connector

Autodesk Ember

Small size, high resolution

Wheel Rigid Connection

Makerbot Replicator

Mechanical connection:

Piston

Makerbot Replicator

Mechanical connection

Floating Lever

Makerbot Replicator

Mechanical connection

Lever and Spool Connector

Makerbot Replicator

Mechanical connection

Piston and Kingpin connector

Makerbot Replicator

Mechanical connection

Servo Housing

Makerbot Replicator

Mechanical connection

6/32 Bolts and Nuts

Purchased

-

Linear Sleeve Bearing

Purchased

-

Wheels

Purchased

-

High torque low size servo

Purchased

-

Silicone

Purchased

-

7.3.1

Bottom Half of Valve Block

Even though the shell of the steering block was split into two, all the ﬂuid passages
were contained within the bottom section of the shell in order to avoid the need to seal
these passages. This part was designed to minimize the amount of material employed.
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One of the advantages of 3D printing is the possibility of creating shapes that are
impossible to manufacture otherwise in order to minimize the amount of material
required. In addition, 3D printing makes internal passages easy to manufacture. Fig.
7.13 shows the CAD version of this part while ﬁg. 7.14 shows the actual printed part.
First Iteration:

Fig. 7.13. Bottom half of ﬁrst iteration of steering block CAD geometry.

Fig. 7.14. Bottom half of second iteration of steering block 3D printed part.

The following issues were encountered with this 3D printed part:
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1. Elbows: The elbows connecting the internal channels to the actuators were
broken during the cleaning process. It was decided to make the cross section
of these thicker. In addition, it was decided to make these parts independently
from this block and assemble them after. These new parts are shown in 7.15.
The purpose of this was to make the support removal easier. Note that all
internal channels are ﬁlled with supports during the 3D printing process. These
supports must be removed. The process involved involves using a water jet and
a wire to remove the supports when the water jet is not enough to remove them.

Fig. 7.15. Threaded actuator elbow.

2. Internal Channels Connecting Spool Section to Actuators: The geometry of these channels was estimated to be 1.83 by 1.83 mm initially. However,
due to the small size of the channel it was not possible to remove these supports
and therefore the best alternative was to increase the size of these ports. These
ports were increased to a 4 by 4 mm area. This also translated into a longer
land width in the spool.
3. Exhaust Tubing Ports: In this iteration, the two exhaust ports directed to
the tank were joined together in one outlet port. Even though this seemed
convenient at ﬁrst, it was diﬃcult to remove supports due to their 90-degree
bends. In order to overcome this issue, two independent straight channels were
created, which minimized the support removal process.
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Second Iteration: The above changes were implemented resulting in the CAD
geometry shown in ﬁg. 7.16 .

Fig. 7.16. Bottom half of second iteration of steering block CAD geometry.

All the new features turned out to be successful, with the exception of the threads
in the valve block. The issue was that these threads were not resolved well in the
Objet print, therefore the threaded assembly between the valve block and the elbows
was not possible. Instead, a JB-Weld TM ﬁxture was implemented. Results are shown
in the ﬁg. 7.17:

Fig. 7.17. Bottom half of second iteration of steering block 3D printed part.
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Third Iteration: Despite the above changes some internal leakage was present
when running some preliminary tests. Even though a small actuation was achieved,
this was very small when assembling the load corresponding to the rest of the steering
system. This showed that the amount of internal leakage was unacceptable and this
issue needed to be addressed. In order to ﬁx this issue, these measures were taken:
1. Print spool housing in one piece: In order to get rid of of the poor tolerances
in the spool section due to the assembly of two halves, these two parts were
replaced by one single part. The spool was be inserted from the side along with
the a linear bearing and a bearing carrier.
2. Larger actuation cross sectional area: This was done in order to accommodate for a greater range of actuator sizes in case that the speciﬁed actuator
cross sectional area needed to be changed.
3. Push tank outlet oriﬁces further from the center of the spool section:
Once the spool’s land width was increased, this part interfered with the oriﬁces
leading to the tank, which made the sealing process less eﬀective. For this
reason, the tank outlet oriﬁces were moved further away from the center of the
spool.
4. Increase square port side from 4 to 5 mm to match size of exhaust
port: This should get rid of any leakage bias thanks to using a similar size for
the tank and actuator oriﬁces.
5. Include inlet ports for the actuators: Since the threaded connection did
not work well and the JB welding caused external leakage, two small ﬁttings
were attached to the steering block in order to connect the piping directly to
them. This got rid of the external leakage issue while at the same time making
it possible to remove all internal support.
The results of the new design are shown in the Figures 7.18 and 7.19.
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Fig. 7.18. Fourth iteration of the bottom half of steering block.

Fig. 7.19. Exploded view of the fourth iteration of the bottom half of
steering block.

Initially, some tests were performed where the spool was be located at a ﬁxed
position. The objectives of these tests were to assure that internal leakage was not
too large to prevent a successful actuation. These tests were successful. The next
step to ensure the functionality of this system was to obtain a spool that could freely
move inside this part while minimizing internal leakage.

7.3.2

Spool

Initially, the 11% overlap rule stated in [39] was applied. However, this turned into
some undesirable leakage. As commented in the actuators chapter, this is mainly due
to the lack of a perfectly circular shape during the 3D printing process. However, it
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is possible to create a high amount of friction force in the interest of avoiding leakage
thanks to the fact that a servo will be controlling the position of the spool, and servo
motors can exert relatively high forces. Therefore, the spool land width was increased
to 10 mm. These 10 mm lands overlapped the 0.5 cm port sizes. In addition, some
extrusions were made to include two seal rings in each of the two lands.The cross
sectional diameter of each of these rings were of 1.5 mm.

rnm________,rnm_ _ _
@
Fig. 7.20. Second iteration of valve spool geometry.

The internal radius of the valve section where the spool is placed was of 7 mm.
Initially, a spool with the same 7 mm radius was printed. However, this seemed to
be too tight and diﬃcult to move. A few other iterations were done corresponding
to a 6.75, 6.35, and 6.55 mm spool land radius. The spool with a 6.55 mm radius
provided the best compromise between leakage and friction, and this was selected as
the ﬁnal design.

7.4

Assembly
The rest of the components necessary for the mechanical assembly were either 3D

printed or purchased as indicated in Table 7.3. Fig. 7.21 and 7.22 shown an exploded
CAD view of the steering system and the ﬁnal assembled system, respectively.
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Fig. 7.21. Exploded view of the ﬁnal steering assembly.

Fig. 7.22. Final steering assembly.

Revisiting ﬂow restriction criteria
Due to the changes in geometry caused by the 3D printing process, it was necessary
to recalculate the ﬂow restriction calculations stated in [39]. Recall:

xvm < 0.147

d2
ω

(7.7)

The new land diameter was of 13.1 mm, and the oriﬁce width was now 5 mm.
Therefore the spool stroke must be less than 5.05 mm. This value was slightly greater
than the maximum stroke that could be accomplished in the current system given by:
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xvm =

A
= 5mm
ω

(7.8)

Therefore the condition established by [39] to obtain the proper maximum stroke
was met even after the changes due to the 3D printing process were implemented.
This concludes the design of the servo valve and the next step was to make two
actuators in order to test this assembly.

7.5

Steering Actuator Design
By following the guidelines shown in chapter 6, two actuators for the steering

system were created with the dimensions shown in Table 7.4. These parameters were
decided on based on the short stroke, high force steering demands. Fig. 7.23 shows
the two actuators used in the steering assembly.
Table 7.4.
Geometry of steering actuators
-

Model (Dimensions in cm)

Parameter

Steering Actuator

Length

5.7

Width

2.5

Front/back thickness

0.25

Lateral wall thickness

0.325

Top and bottom wall thickness

0.325

Pleat thickness

0.175

Pleat length

0.925

Pleat width

0.5

Amount of Pleats

8

Volume Chamber

14.04 cmˆ3
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Fig. 7.23. Steering actuators.

7.6

Testing
This section outlines the testing performed in the hydrostatic steering system

7.6.1

Spool Displacement by Hand

Initial testing was done in order to test the functionality of the steering system.
The goal of this ﬁrst test was to ensure that steering occurs with spool displacement.
During this testing, the spool was initially located at the drive position, where no
steering should occur (Fig. 7.24). After a few seconds, the spool was pushed to a
the left turn position (Fig. 7.25). This translated into left turning after a few more
seconds (Fig. 7.26).

Fig. 7.24. Initial drive position.
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Fig. 7.25. Spool is moved for left turn position. Actuation still has not occurred.

Fig. 7.26. Steering has occurred.

7.6.2

Spool Displacement via a Servo Motor

In the previous test the spool was pushed to the right position by hand. However,
the ﬁnal system included a servo motor to control the position of the spool. In order
to move the spool to the right location, a crank-slider was assembled to the servo. The
Arduino code used to move the servo to the speciﬁc angular location is in Appendix
B. In order to ﬁnd the correct servo angular displacement necessary to clear each one
of the ﬂuid ports, some tests were done and these values were found experimentally.
The objective was for the servo to push/pull the spool to the right locations indicated
by the black marks. The upper mark in ﬁg. 7.27 corresponded to the position where
the upper pump-actuator port was open (position 1) while ﬁg. 7.28 shows the position
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where this port was blocked and the port connecting the upper actuator to the tank
was open (position 2).

Fig. 7.27. Spool located at ﬁrst position.

Fig. 7.28. Spool located at second position.

7.6.3

Mechanical Feedback

The next step was to make sure that the steering actuation also translated into
proper spool positioning when using the ﬂoating level to provide mechanical feedback.
Initial testing showed that excessive friction prevented the the piston from moving
the spool. This issue should be solved in the future by either making a new actuator
with a larger cross sectional area that could provide a larger force or improving the
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performance of mechanical feedback device by changing the values of a and b in the
free level.
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8. LIFT SYSTEM: DESIGN, 3D PRINTING AND
TESTING
The other linear actuation demand of the forklift is the lift. As shown in the Chapter 7,
the steering demands require a low stroke, high force actuation. In order to showcase
the capabilities of these actuators, the lift was designed to show high stroke, low force
performance.

8.1

Objectives
The objectives of this section are:
• To deﬁne the lift system requirements
• To show the design of the lift system
• To show how the lift system was 3D printed and to display another example of
an integrated component
• To couple the lift system with the pump and the chassis of the forklift in order
to test this system

8.2

System Requirements
Table 8.1 shows the speciﬁc lift requirements. The size elements were determined

considering the maximum casing dimensions in order to limit the size of the forklift.
The load, speed and stroke requirements are selected in order to showcase the high
stroke, low force, actuator capabilities.
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Table 8.1.
Lift system requirements.

8.3

Parameter

Value

Maximum Length

125 mm

Max. Cross Sectional Area

27.5 x 13.8 mm

Stroke

50 mm

Speed of Operation

0.1 m/s

Load

0.5 kg

System Design
The following lift structure was designed. Note that parts 1, 2, and 3 from Figure

8.7 were created as separate parts in order to make the 3D printing process simpler.

Fig. 8.1. Lift structure CAD representation.
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JI
Fig. 8.2. Lift structure extruded CAD representation.

8.4

Position Sensor integration in Lift Structure
One of the requirements of this system was to monitor the actuator displacement

in the lift structure. Thanks to this, it was possible to limit the amount of ﬂuid going
into the actuator and prevent this part from breaking. Therefore, a magnetic switch
was placed in the actuator casing. This switch triggers a signal when the actuator
reaches its maximum position. A magnetic strip was placed in the actuator’s platform
in order to trigger a signal when the platform reached its maximum position. The
objective was to place the magnetic switch and its wires within the casing during the
3D printing process, avoiding the need for assembly later on. Due to the large size
of the casing, this piece was printed in the Makerbot Replicator 2x. The necessary
steps to 3D print this integrated structure were:
1. Printed base structure where sensors were placed.
2. Paused print and inserted sensors and wires. The result of this step of the 3D
printing process is shown in Fig. 8.3
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/

Place wires here

Fig. 8.3. Second section of FDM 3D-printing process of lift actuator casing.

3. Finished the print job making a structure that constrained the movement of the
sensor. A schematic of this piece is shown in ﬁg. 8.4.

/

Use this as a linear bearing
for the lift system

Place soft actuator here

Piping inlet

Sensor en.closed in this area

This is where wires exit and
connect to microprocessor

Fig. 8.4. Third section of FDM 3D-printing process of lift actuator casing.
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4. Assembled this casing with the rest of the assembly and connected wires to their
respective terminals.
The results of the 3D printed structure with the sensor and the wires integrated
within the part are shown in ﬁg. 8.5.

Fig. 8.5. 3D printed casing structure with integrated reed switch.

8.5

Final Result
Figure 8.6 shows the 3D printed lift structure. All components were printed in

the Makerbot Replicator 2X printer.
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Fig. 8.6. 3D printed lift structure.

8.6

Preliminary Testing
Some preliminary testing was done in order to ensure the functionality of this lift

system. This testing was done using a pneumatic circuit due to one of the pump
lobes breaking during this testing. This lobe has broken after testing the pump for
approximately 2.5 hours. Further tests need to be performed using the 3D printed
pump. The objective of this test will be to determine the pump operating parameters
for which the system speciﬁcations (load, stroke, and speed of operation) are met.
Figures 8.7, 8.8, and 8.9 show the sequence of lift actuation.
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Fig. 8.7. Lift position before actuation occurs.

Fig. 8.8. Lift position at maximum actuation actuation point.

Fig. 8.9. Lift position after actuation occurs.
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9. SUMMARY
This study has presented the possibility of using AM to make a lobe pump, soft actuators, a gate valve assembly, and a servo valve. These components have been designed
to be integrated into a miniature forklift with drive, lift, and steering capabilities.
This work explored diﬀerent types of FDM and stereolithography printing techniques
and materials and identiﬁed which printing methodology was most appropriate for
each one of the necessary parts. This work also explored ways to obtain high-ﬁdelity
prints. In particular, the Ember printer showed an outstanding print resolution, so
most of this work was based on this printer. In addition to the techniques presented
throughout this work, Appendix B.1 shows some other ways to obtain very accurate
parts. The methodologies shown in this appendix were not implemented in any of
the parts shown in this work, however these should shed some light to any student
looking to make accurate prints in the future.
The use of 3D printing allowed for a high degree of freedom when designing the
ﬂuid power components. In particular, this design ﬂexibility is notable in the two
valves developed. It is also worth mentioning the possibility of integrating parts
during the 3D printing process. This has been shown, for example, in the integration
of a sensor within the casing of the lift structure and the integration of the gate,
cover, and lip seal into one part that could be assembled to the rest of the gate valve
component. In addition, this work showed the development of testing setups for the
pump and the soft actuators. While some preliminary test results are shown, most
of these tests will need to be carried out in the future.
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10. RECOMMENDATIONS
While most of the parts present in this system could be 3D printed, there were some
limitations regarding which components could not be printed. In particular, the
following parts showed limitations:
• Pump shafts: As explained in Chapter 3, not a good way to print durable shafts
was found. Therefore, these parts needed to be purchased
• Other mechanical components: Some of the other mechanical components necessary for a proper assembly had to be purchased. These involved bolts and
nuts, as well as linear and rotary bearings
• Soft actuators: Unfortunately, it was not possible to directly print these actuators after exploring diﬀerent print methods and resin concentrations. Instead,
a 3D printed mold in which silicone could be cast was employed
In the future, it is recommended for any other individual investigating the use
of AM in ﬂuid power to use metal 3D printing in order to obtain some of the parts
that were not durable enough when using the diﬀerent materials shown in this work.
In regards to the soft actuators, the fact that these could not be obtained using the
Ember or the Form 2 printers does not mean that these cannot be possibly obtained.
It is recommended to investigate previous work in order to see what 3D printing
techniques and materials could work. In particular, the work shown in [20], [7],
and [8] show the possibility of directly printing soft actuators.
Finally, while the ﬂuid power components have been presented, they still need
to be integrated into the miniature forklift. The electronics setup is presented in
Appendix B.2. The next step will be to implement these electronic components with
the ﬂuid power parts and develop a mobile app in order to control this device. This
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ﬁnal product should be accompanied by a curriculum and this should be used as an
educational tool.
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A. OTHER HIGH-FIDELITY 3D PRINTING
TECHNIQUES
The Ember printer provides the possibility of 3D printing highly accurate parts. The
following section provides diﬀerent techniques used to obtain high ﬁdelity in this
machine.
• Calibrate build head with no resin at all: The highest degree of dimensional
error occurs in the z-direction. However, it is possible to calibrate the build head
with no resin in the tray in order to achieve the highest accuracy. The next steps
should be followed as stated in [40].
1. SSH into the printer, Set “RHomingAngleMilliDegrees” to 0, save and exit.
2. With no resin in the tray, start the calibration routine.
3. Once at the bottom position, loosen the nut to drop the head, make sure
it’s ﬂat against the PDMS, lock the nut, then cancel the print. The build
head should lift straight up.
4. SSH pack into the printer, set “RHomingAngleMilliDegrees” back to -60000,
save, exit, refresh.
5. Place a pool of resin about the size of a quarter on the PDMS window.
6. Press “Reprint File”. Let it move to the calibration position but do not
unlock the ’build head’. Open the door and watch the resin squish out.
Wait until the resin stops ﬂowing.
7. Close the door and press done.
8. When the tray begins to rotate it may stick. As long as “Detect Jams” has
not been disabled, it should correct itself.
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9. Before the tray returns for the ﬁrst Burn-in layer, open the door and add
resin. Once the printer has reached the Model layers, it’s safe to add all the
resin.
• Optical Proximity Corrections: Optical proximity eﬀects may cause straight
lines to be shorter than they are designed to be [41]. Optical proximity corrections may be used to compensate for this error by adding extra pixels that, if
shortened, will provide the ﬁnal desired shape. Fig. A.1 showcases the eﬀect
of using OPC. Note that the top “experimental” word does not include any additional OPC pixels, which translates into a more rounded shape close to the
edges.

Fig. A.1. Example of an OPT as provided in [41].

• Pattern Mode: The Ember printer oﬀers two printing modes: Video and Pattern mode. Video is the default mode in this machine. However, pattern mode
allows for the highest resolution. The Ember uses a diamond pixel distribution in order to reduce the projector size. This brings down image quality due
to the need to re-sample (re-map) from a normal square grid to the diamond
grid [42]. When remapping the pixels, the normal square grid black area needs
to be weighted among the diﬀerent diamond pixels it touches. Mapping is not 1
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to 1. This requires low-pass ﬁltering, which decreases print resolution. However,
by using pattern mode it is possible to obtain a 1:1 mapping, which avoids the
need to use a ﬁlter that would reduce the print resolution.

Fig. A.2. Diamond pixel re-sampling as provided in [42].
.
Pattern mode should be used when looking for sub-pixel resolution of rectilinear
parts. When looking at curvilinear shapes, then the use of grayscales will ensure
the highest accuracy. Instructions on how to use pattern mode may be found
in [43].
• Grayscales in Pattern Mode: The nominal resolution of this printer is equal
to 50 microns. However, there is a way to obtain more accurate prints by using
grayscales in pattern mode. These grayscales can split a 50 micron pixel into
several values, achieving a higher accuracy. A few examples regarding the use
of these grayscales can be found in [44]. This video shows how, when using
grayscales, the resolution can be as high as 1 micron. Fig. A.3 shows one
example of the application of grayscales. Note that one voxel (50 micron unit)
can be split into “subvoxels” when using grayscales.
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Fig. A.3. Example of the application of grayscales as shown in [44].
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B. ELECTRONICS AND CONTROLS
The following section explains all the electronics and controls items required to integrate all the independent ﬂuid power components and be able to control the forklift
using a mobile app.
Arduino Code for Servo Positioning: The following code was used in order
to sweep the servos in the gate valve and the steering system to the right position.
tinclude <Servo .h>
Servo myservo; // create servo object t o cont rol a servo
// t welve servo objects can be created on most boards
int pos = SO;

// var iable t o store the servo position

void setup{) {
myservo . attach {9) ;

// attaches the servo on pi n 9 t o the servo object

void l oop {) {
f or {pos =O; pos <= 215; pos += 1) { // goes from O degrees t o 180 degrees
// i n steps of 1 degree
myservo .write {pos ) ;
// tell servo t o go t o position i n var iable ' pos '
del ay {l S) ;
// waits l Sms for t he servo t o reach t he position
f or {pos = 21S; pos >= O; pos
myservo .write {pos ) ;
del ay {l S) ;

1) { // goes from 180 degrees t o O degrees
// tell servo t o go t o position i n var iable ' pos '
// waits l Sms for t he servo t o reach t he position

Fig. B.1. Servo sweep Arduino code.

Drive Wheel Motor Calculations and Selection of Drive DC motor: It
was necessary to properly estimate the drive demands in the vehicle and ﬁnd a DC
motor able to support those demands. The following speciﬁcations for the drive
system were provided.
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Table B.1.
Drive system speciﬁcations.
Speciﬁcation

Magnitude

Gross vehicle mass

3 kg

Mass on drive wheel

1.5 kg

Wheel radius

4 cm

Desired top speed

0.1 m/s

Desired time to achieve top speed

3s

Maximum incline angle

3 degree

Worst working surface

Concrete

Coeﬃcient of rolling resistance

0.02

The maximum required shaft RPM to spin the wheels in order to obtain the
desired linear velocity was determined ﬁrst. Since the maximum linear velocity was
0.1 m/s and the wheel radius is 0.04 m, the maximum angular velocity required was
of 24 RPM. The next step was to estimate the total tractive eﬀort required to move
the vehicle. The total tractive eﬀort is equal to the addition of the forces due to
rolling resistance, grade resistance, as well as the inertia required to accelerate the
vehicle to the required velocity in the required time.

RollingResistance = m ∗ g ∗ µ = 3kg ∗ 9.81 ∗ 0.02 = 0.59N

(B.1)

GradeResistance = m ∗ g ∗ sin(α) = 3kg ∗ 9.81 ∗ sin(3) = 1.54N

(B.2)

InertiaF orce = m ∗

V
0.1
= 3kg ∗
= 0.1N
t
3

(B.3)
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Therefore, the total tractive eﬀort (TTE) was equal to 2.23 N. Next, it was possible
to ﬁnd the required wheel torque based on the calculated tractive eﬀort. A safety
factor (SF) of 1. m5 was employed to account for losses in the gears and the bearings.
W heelM otorT orque = T T E ∗ r ∗ (SF ) = 2.23N ∗ 0.04m ∗ 1.5 = 0.133N m

(B.4)

Reality check: Next, it was necessary to check that the vehicle was able to
transmit the required torque from the drive wheel to the ground. To do that, it was
possible to estimate the maximum tractive torque and ensure that the required wheel
torque was less than this value. Estimating a 0.8 friction coeﬃcient between the wheel
and the ground and the fact that the drive wheels supported approximately half of
the vehicle’s weight it was possible to obtain:
M T T = m ∗ g ∗ µ ∗ r = 1, 5kg ∗ 9.81 ∗ µ ∗ 0.04m = 0.47N m

(B.5)

Since this value is larger than the estimated wheel torques then slipping will not
occur.
DC Motor Selection: The following DC motor was found to fulﬁll the required
demands.
Table B.2.
Selected DC motor.
Speciﬁcation

Magnitude

Speed

30 RPM

Torque

0.79 Nm

No load current

40 mA

Voltage

12 V

Weight

49 g

Implementation of Sensors and other Electronic Equipment:
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Speed Control of DC motors: It was necessary to ﬁnd a way to control the
speed of both DC motors. In the case of the drive DC motor, it was necessary to
also control direction since driving may occur in either the forward and backward
directions. It was possible to do that by sending a PWM signal to an H-Bridge motor
driver. A L1298N Driver was selected. Note that this device can control speed and
direction of two DC motors at the same time. The voltage range of these motors are
between 5 and 35 V, which meets the needs for the pump and drive motor demands.
It must be noted that the IC controller inside the bridge made the input voltage drop
about 2V. This must be taken into account when considering the input voltage to
the H-bridge based on the motor demands. The voltage demands can be controlled
using PWM signals from Arduino. In addition, it is desired to measure the speed and
direction of rotation of the DC motor. It is possible to do that by using an encoder.
Figure B.2 shows how the connections between the H-bridge, Arduino, and the two
DC motors.
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Fig. B.2. Selected DC motor for drive system.

Lift Actuator Position Control: The position control of the steering actuators
is accomplished thanks to the electro-mechanical servo valve. However, the lift system
does not contain such feedback control mechanism, so it was decided to use a magnetic
pickup that sensed when the maximum position was reached and sent a signal to the
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control valve. An inexpensive way to send this on/oﬀ signal was via a Reed Switch.
This magnetically actuated electrical switch sends a digital signal when exposed to
a magnetic ﬁeld. The idea was to place a magnet on top of the actuator and a reed
switch on top of the actuator’s casing. Therefore, a signal was be sent once the
maximum position is reached. Com-08642 Sparkfun Reed Switches were employed.
Fig. B.3 shows the connection between the Reed Swith and Arduino.

Fig. B.3. Reed switch and Arduino connection.

Servo Motors: Servos were employed to actuate the valve opening an closing
mechanisms. Spektrum A7020 servos were employed due to their high-torque low-size
performance. The voltage demand of these servos is between 4.8 and 6V. Therefore
the Arduino output The connection between the servos and the Arduino is shown in
ﬁg. B.4.
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Fig. B.4. Servo and Arduino conﬁguration

Potentiometer: A potentiometer was be used to read the steering position.
Once the desired steering position was reached, sent a signal in order to close the
valve connecting the pump and the steering system and open the valve connecting
the pump and the tank. The Arduino-potentiometer conﬁguration is shown in ﬁg
B.5.

Fig. B.5. Potentiometer and Arduino conﬁguration.

Joystick: Joysticks were employed to control the speed, steering and lift. These
joysticks provide an analog signal proportional to the user’s input. They feed oﬀ a
5V voltage input. The right joystick controls the speed and direction of the drive.
The left joystick controls the position of the lift actuators (y-axis) and the steering
position (x-axis). In addition, the push button turns the pump on and oﬀ. The
Arduino-joystick conﬁguration is shown in ﬁg B.6.
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Fig. B.6. Joystick and Arduino conﬁguration.

Bluetooth Modem: Once the system has been successfully implemented using
joysticks, a bluetooth modem will be included for wireless control. This way, the
user will be able to use the forklift from his or her cell phone. The modem will be
connected to the Arduino and it will send a PWM signal. The modem employed is
the BlueSMiRF Silver and it requires a 3.3 - 6 V excitation voltage. The Arduinobluetooth modem conﬁguration is shown in ﬁg B.7.

Fig. B.7. Bluetooth Modem and Arduino conﬁguration.
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Final Circuit Diagram
Next, Figure B.8 shows the integration of all electronics components.

Fig. B.8. Picture of electronics integration.

